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Bifacial solar cells can convert incident sunlight to electrical energy 
from both sides of the cells. Thus, bifacial photovoltaic (PV) modules can 
effectively increase the energy yield as compared to conventional monofacial 
modules by utilizing the albedo (light scattered from the ground and the 
surroundings) when operating in real-world outdoor conditions.  However, 
there are a number of technical challenges in the development of bifacial 
devices and deploying them into the mainstream PV systems. One of the main 
challenges is the lack of an established indoor measurement standard to 
characterise bifacial solar cells and modules. This thesis focuses on characteri-
sation and standardisation of bifacial solar cells and modules, and on 
performance evaluation of these devices in indoor and outdoor environments. 
Various new methodologies are developed to investigate the performance of 
bifacial devices, by employing in-depth analysis of various electrical and 
optical loss mechanisms. 
Initially, to characterise bifacial solar cells and modules for 
simultaneous bifacial illumination, new methods were introduced. The 
proposed methods require only standard monofacial indoor measurement set-
ups to measure the front and rear side of the device separately under standard 
test conditions (STC). Two new parameters, bifacial 1.x efficiency and gain-
efficiency product (GEP) are introduced for a complete characterisation of 
bifacial solar cells. The new methods provide 1) a means for fundamental 
study and optimisation of bifacial solar cells and modules under bifacial 
illumination conditions, and 2) information related to energy yield and the 
VIII 
end-use benefits in real-world operating conditions. The validity of these 
methods is examined using measurements on a silicon wafer based bifacial 
module. The module’s output power calculated using the method agrees to 
within 1% with the measured power for a number of illumination conditions 
on front and rear sides of the bifacial modules. 
This thesis also investigates the performance of bifacial silicon solar 
cells encapsulated in two different module structures: glass/glass and glass/ 
backsheet. It is found that, under STC measurements, a glass/glass module 
construction causes a net cell-to-module current loss due to the rear-side 
encapsulation. In contrast, a glass/backsheet module with a standard cell gap 
offers 2-3% higher power output under STC as compared to a glass/glass 
module. The results show that, under STC, the maximum possible cost 
reduction benefits of glass/backsheet modules over glass/glass modules are 
limited to approximately 3.3%. Considering this result and the outdoor 
potential of bifacial PV modules, a methodology to measure and rate bifacial 
glass/glass modules under STC is presented. The new rating methodology, if 
accepted by the PV community, would allow module manufacturers to get 
some of the benefits, by being able to sell bifacial modules at a premium price 
compared to glass/backsheet modules while retaining substantial benefits for 
the end-users. 
Further, a method to quantify the losses in the cell-to-module (CTM) 
process is developed for silicon wafer based bifacial PV modules. The CTM 
losses are quantified in terms of the individual loss components, i.e. optical, 
mismatch and resistive losses, for single-sided illumination (monofacial) and 
then extended to bifacial illumination conditions. The method is useful in 
IX 
understanding the loss mechanisms and identifying the root causes of CTM 
losses in wafer-based bifacial (and monofacial) PV modules. The calculations 
of individual loss components are explained with the fabrication and 
experimental analysis of single-cell mini-modules and 4-cell modules using 
bifacial solar cells. The measurements show that the resistive loss in the CTM 
process is important for bifacial PV modules, since it has a greater impact 
under bifacial illumination. 
Finally, the thesis presents a performance comparison study of bifacial 
and monofacial PV modules in the tropical climate of Singapore. Outdoor 
measurements show that bifacial modules can achieve a performance gain of 
~10% compared to monofacial modules, without modifying the installation 
conditions (rooftop reflectivity < 20%). The experimental results obtained 
over several months of outdoor testing show that the highest gain is achieved 
with a conventional installation geometry (i.e. tilt angle of 10°) and with the 
modules facing south. The experimental results also show that the gain from 
bifacial modules increases with the diffuse content in the global irradiance. 
X 
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CHAPTER 1 - INTRODUCTION 
1.1 Solar photovoltaics: A promising renewable energy 
source 
With the rapid growth in world population and industrialization of 
nations, the global energy demand is increasing exponentially. Traditionally, 
this demand for energy has been fulfilled by conventional fossil fuel-based 
energy sources (oil, coal and natural gas). Currently, more than 80% of 
mankind's energy needs are met by fossil fuels [1]. The major problems with 
fossil energy sources are: 1) these sources are finite in nature and therefore are 
depleting 2) they emit greenhouse gases into the atmosphere. On the other 
hand, renewable energy sources, such as solar, wind, geothermal, hydro, tidal, 
and biomass, are environmentally clean and provide sustainable energy 
services based on the use of routinely available, indigenous resources which 
can be replenished [2, 3]. As a result, renewable energy is increasingly being 
used in the total energy mix to meet global electricity needs. Energy supply 
based on renewable energy sources can provide better energy security to the 
world and is a promising solution for a clean and sustainable future. 
Among various renewable energy sources, solar energy is a widely 
accessible and environmentally friendly source which has the potential to meet 
mankind's global energy requirements. The solar energy that hits the earth’s 
surface in one hour is equivalent to mankind's total annual energy 
consumption [4]. One possible way to use solar energy is the direct conversion 




semiconductor materials. PV technology generates direct-current electrical 
power from semiconductors when they are illuminated by light. PV is 
considered a clean, sustainable, renewable energy technology that can help to 
meet mankind's increasing global energy needs, whilst reducing the adverse 
impacts of fossil fuel based energy sources [5]. Being distributed in nature, the 
use of PV technology can effectively minimize both transmission loss and 
costs when the generation is located close to the demand load of end-users [6]. 
In addition, solar PV technology provides a convenient way of generating 
power in remote locations where the electricity grid is not easily accessible, 
e.g. for powering remote villages, communication equipment and weather 
monitoring stations. PV is also ideal for supplying power for satellites and 
space vehicles [7]. 
With the above-mentioned key advantages, the emerging major 
economies are already investing substantially in PV research, development 
and deployment. Over the last two decades, PV technology has grown with an 
annual growth rate of 30-40% per year, and by 2012 more than 100 GW of 
cumulative PV capacity had been installed worldwide [8]. This figure is 
expected to reach more than 280 GW by 2017 [8]. 
 
1.2 Cost of PV electricity and benefits of bifacial PV modules 
Despite the advantage of utilizing a virtually unlimited energy source, 
the penetration of PV power in the global energy supply is essentially dictated 
by economics. Today, PV comprises only ~0.1% of the global electricity 




cost reduction, in order to achieve an energy cost that is comparable, or even 
lower, than the conventional fossil fuel based energy sources. 
To estimate the cost of electricity generated using emerging renewable 
energy technology, such as PV, the metric "levelised cost of electricity" 
(LCOE) is now widely used [10, 11]. LCOE provides an economic assessment 
of renewable energy technologies by allowing them to be compared with the 
grid electricity prices. The LCOE is the cost per unit of electricity produced 
(or saved) by the PV system over its technical lifetime. It is a measure of the 
total life cycle cost (including initial capital cost, operation and maintenance 
costs, etc.) discounted back to the base year.  For a PV power system with a 
total lifetime of n years, the LCOE can be calculated by dividing the 
accumulated cost by the generated electricity over the entire lifetime of the 
















where 𝐶0 is the initial capital cost, 𝑀𝑡 is the annual operation and maintenance 
cost in year t, 𝐸𝑡 is the electricity produced in the respective year, i is the 
interest rate (discount rate) and d is the annual system degradation rate. In 
2013, a typical LCOE range of 0.08 - 0.14 Euro2013 per kWh of PV electricity 
was reported [14]. 
The ongoing aim is to reduce the LCOE further, which can be achieved 
in two possible ways as described by Equation (1.1): 1) reducing the initial 




Reduction in initial capital cost has been driven mainly by economies of 
manufacturing scale, improvement in manufacturing technology, reduction in 
material cost, and increase in device efficiency. Most PV researchers are 
working towards the cost reduction via solar cell efficiency improvements, 
which is measured under standard test conditions (STC). To further increase 
the solar cell efficiency, a number of advanced solar cell concepts are being 
explored, such as LBSF (local back surface field) or PERC (passivated emitter 
rear cell) solar cells, back contact solar cells, multi-junction solar cells, hetero-
junction solar cells, etc. [15-18]. However, the advanced solar cell concepts 
lead to an increase in cell complexity, additional processing steps and 
associated cost, which result in diminishing returns [19]. Thus, cost reduction 
via advanced cell concepts is very challenging. 
In the second approach, the LCOE can be reduced by increasing the 
performance and energy yield of PV systems for the same installed capacity 
(in kWpeak). A promising PV technology to increase the energy yield is the 
bifacial solar cell and module structure. Bifacial solar cells can convert 
incident sunlight to electrical energy from both sides of the cells. Thus, 
bifacial PV modules (fabricated with glass/glass structure using bifacial solar 
cells) can significantly increase the energy yield as compared to conventional 
monofacial modules by utilizing the albedo (light scattered from the ground 
and the surroundings) when operating in real-world outdoor conditions [20, 
21]. Figure 1.1 shows the additional light collection on the rear side of a 
bifacial module due to the albedo from the ground and surroundings [22]. 





Figure 1.1 Albedo collections from the ground and the surrounding by the rear side 
of the bifacial PV module [23]. 
 
front surface) by using the material more efficiently, and thus area-related 
costs for a PV power system such as land, cabling, installation structure etc. 
can be reduced [24]. Various simulation and experimental studies show that 
without any special features and modifications to the installation conditions, a 
performance gain in the range of 10-20% for bifacial modules compared to 
monofacial modules is easily achievable in outdoor conditions [20, 25]. With 
specific installation conditions, a power gain up to 50% has been reported for 
bifacial modules as compared to monofacial modules [21]. 
Additionally, due to the reduced metal fraction on the rear side, bifacial 
design helps in reducing the loss which occurs in conventional silicon solar 
cells with full rear surface Al back surface field (BSF) structures, mainly due 
to parasitic light absorption in the aluminium and high surface recombination 
at the Si-metal interface, especially in thin wafer solar cells [26-28]. Also, the 
warping effect resulting from the differential thermal expansion between 







conventional Al-BSF design [29, 30]. This improves the manufacturing yield 
at both the cell and module level by reducing the wafer and cell breakage, and 
also allows the use of thinner wafers. Thus, one of the motivations behind the 
development of bifacial solar cells was to improve the cell performance by 
minimizing the above mentioned loss and problems. 
Due to the potential benefits of bifacial cells and modules, many 
researchers are exploring bifacial PV technologies and the PV industry is 
looking forward to manufacture bifacial solar cell and modules on mass scale 
[31]. 
 
1.3 Thesis motivation and objectives 
Despite the obvious advantages of bifacial solar cells and modules, and 
their promising potential for cost reductions of PV power, the share of bifacial 
modules in the market as of today is almost negligible. There are a number of 
challenges and problems associated with the deployment of the bifacial 
modules in solar PV systems, as follows: 
1. Characterisation: No established standards to characterise bifacial solar 
cells and modules [32-34] 
2. Rating and standardisation: No standard method is available to rate the 
bifacial cells and modules using indoor measurements [35]. 
3. Bifacial solar cell (and module) fabrication: Additional complex steps 




4. Outdoor energy yield: Installation dependent module performance and 
uncertainty in predicting the energy yield [20, 25, 39] 
To maximize the advantage of cost reduction via energy gain from a 
bifacial PV module, it is necessary to address the challenges mentioned above. 
Each of the topics mentioned above is vast and can be studied in separation. 
This work focuses on the characterisation and standardisation of bifacial solar 
cells and modules and the performance of bifacial PV modules in indoor and 
outdoor conditions. The main objectives of this PhD research work are to 
address the key challenges and problems in detail and suggest solutions to 
increase the market share of bifacial solar cells and modules. 
The development of robust characterisation techniques and standard 
tests for bifacial solar cells and modules is important for two reasons: 1) They 
enable researchers to properly measure and characterise the devices in order to 
understand their behaviour and improve their performance, 2) The market 
response is decided based on the establish standards and measurable output 
from the device. For bifacial solar cells and modules, there is no established 
standard to measure the performance of these devices under simultaneous 
front and rear side illumination. Also, there is no standard available to rate the 
module based on the indoor measurements which is required for industrial 
purposes and the economics of PV power generation. Thus, one of the major 
focuses of this work will be on development of characterisation methods for 
bifacial solar cells and modules and standardising these devices under indoor 
testing conditions. In addition, the indoor and outdoor performance of bifacial 




1.4 Thesis Structure 
This PhD thesis consists of 9 chapters. 
Chapter 1 highlights photovoltaic technology as a promising clean 
energy source. The LCOE of PV electricity is described, followed by a 
discussion of how bifacial PV modules can reduce the LCOE. The motivations 
of the research work conducted in this thesis are described, based on the 
challenges associated with the use of bifacial PV modules. 
Chapter 2 provides a literature review of bifacial solar cells and 
modules, which includes the background, applications and challenges with 
these devices. 
Chapter 3 gives a brief overview of the measurement and fabrication 
techniques used in this thesis. 
In Chapter 4, the requirements for electrical characterisation of bifacial 
cells are discussed. A new method to characterise bifacial solar cells is 
introduced, which can predict their performance under simultaneous bifacial 
illumination. The method requires only single-sided STC measurements to 
characterise the bifacial solar cells. To deal with the bifacial nature of the 
cells, new bifacial performance parameters are introduced. The significance of 
the new method and parameters are discussed with the help of bifacial solar 
cell measurement examples. 
Chapter 5 describes a method for electrical characterisation of bifacial 
PV modules, which can predict their performance under bifacial illumination. 
The method requires only a standard monofacial indoor measurement set-up to 




methodology is evaluated by measuring a commercially available bifacial 
module for various front and rear side illuminations, and by comparing these 
measurements with the simulated results. 
Chapter 6 provides a detailed quantitative analysis of various PV module 
structures fabricated using bifacial solar cells. The current gain in glass/ 
backsheet modules as compared to glass/glass modules under STC is 
calculated. Next, a set of guidelines for the PV module manufacturers 
regarding the module structure is discussed. Furthermore, based on the above-
mentioned analysis, a methodology is proposed to measure and rate bifacial 
glass/glass modules under STC. 
 Chapter 7 deals with loss in the cell-to-module (CTM) fabrication 
process for bifacial and monofacial modules. A method is devised to quantify 
these losses in terms of their individual components, i.e. optical, resistive and 
mismatch losses. The calculation of CTM losses for bifacial PV modules is 
discussed with the fabrication and measurements of single-cell mini-modules 
and 4-cell modules. 
Chapter 8 investigates the outdoor performance of commercial bifacial 
PV modules as compared to conventional monofacial PV modules and the 
gains which can be achieved with different mounting angles. The LCOE of PV 
system comprising bifacial PV modules is discussed considering different 
energy gains from bifacial PV modules 
Chapter 9 summarizes the research work presented in this thesis and 
highlights the original contributions. It also describes some proposed future 




CHAPTER 2 - BACKGROUND, APPLI-
CATIONS AND CHALLENGES 
WITH BIFACIAL SOLAR CELLS 
AND MODULES 
2.1 Background 
As discussed in the previous chapter, the use of bifacial PV devices can 
significantly reduce the cost of PV electricity. Bifacial devices offer several 
advantages over standard monofacial solar cells and modules in terms of 
additional energy yield in outdoor conditions as well as cell efficiency 
improvements under standard test conditions (STC). In view of the key 
advantages in cost reduction of PV electricity, this thesis explores and studies 
bifacial devices in detail. This chapter provides a literature review of bifacial 
devices and describes the device structure, history, key reported results, 
applications and potential benefits, and most importantly the technical 
challenges in implementing bifacial technology in PV power systems. 
2.1.1 Bifacial solar cells and module structures 
There are many different types of bifacial solar cells, depending on the 
materials and processes used in their fabrication. The one thing they all have 
in common is that light can enter the cell from both sides. The most 
“conventional” type of bifacial solar cell is the same as a “standard” diffused 
junction, aluminium back surface field (Al-BSF) cell, except that the Al-BSF 




carrier collection. Thus, in contrast to a full-area aluminium layer, the 
transparent diffused rear side layer enables light to enter the device from both 
sides, resulting in a bifacial solar cell structure as shown in Figure 2.1(right). 
Contact grids are printed on both sides with the same or slightly different grid 
pattern. The working principle of a bifacial cell is the same as that of a 
monofacial cell, except that photons are entering from both sides of the cell. In 
the literature, different bifacial cell designs are reported depending on the 
materials and processes used for fabrication, such as hetero-junction bifacial 
cells [40], c-Si bifacial cells (n-type/p-type, mono/multi) [41-43], dye-
sensitized bifacial solar cells [44], rear contact bifacial cells [45], etc. 
With bifacial solar cells, two different module structures are possible, 
i.e. bifacial (glass/glass) and monofacial (glass/backsheet) structures. The 
most important application of bifacial solar cells is the glass/glass PV module, 
since such a module can utilize the full bifacial potential of bifacial solar cells. 
However, some module manufacturers also use bifacial cells in standard 
glass/backsheet configuration modules [46]. Both structures have their own 
advantages and disadvantages in terms of energy generation, which are 
discussed in detail in Chapter 6. 
Figure 2.1 Schematic of a standard monofacial (left) and bifacial (right) silicon wafer 
solar cell [36]. The rear side of the bifacial cell structure shown above is without 
texture. However, almost all commercial bifacial cells are textured on both sides to 









2.1.2 History of bifacial solar cells and modules 
Bifacial solar cells have been investigated since the 1960s [47]. In 1960, 
Mori, a Japanese researcher, proposed a bifacial solar cell with a p-n junction 
on each surface of a silicon wafer as shown in Figure 2.2 [47].  His idea was to 
increase the conversion efficiency of silicon solar cells, limited at the time by 
the diffusion length of minority carriers. According to Mori, in this structure 
the second p-n junction at the rear side would improve the collection 
efficiency of carriers generated by long-wavelength radiation. 
In 1977, two research groups from Mexico [48] and Spain [49] 
presented bifacial cell results at the first European Photovoltaic Solar Energy 
Conference. The devices had a conversion efficiency of 7%. 
Over the past few decades, a number of bifacial cell structures were 
proposed by different researchers, such as bifacial double-junction cells, 
bifacial cells with structure p
+
-p-n
+ or p+-n-n+ and bifacial cells with dielectric 
passivation [50]. A double-junction bifacial cell is shown in Figure 2.2, while 
a bifacial cell with p-n-n
+ structure [51] and a bifacial cell with dielectric 
passivation [52] are shown in Figures 2.3 (a) and (b), respectively. The 
majority of today’s practical bifacial cells are with p+-p-n+ or p+-n-n+ structure 
and with metallization grids on both faces of the cells. 
 





Figure 2.3 (a) Bifacial solar cell with p-n-n
+
 structure. (b) Bifacial cell with 
dielectric passivation. After Refs. [51, 52]. 
 
In the course of bifacial solar cell development, silicon cells with a front 
side efficiency of 19.4% were reported in 1997 [42]. In 2000, Hitachi 
researchers fabricated bifacial silicon solar cell with triode structure (p-n 
junction on both sides) with a front side efficiency of 21.3% [53]. Commercial 
manufacturing of bifacial solar cells and modules only started a few years ago 
[54-56]. Recently, bifacial silicon solar cells with a front side efficiency of > 
20% (with a rear to front performance of > 85%) were reported in large-scale 
production by an Italy based manufacturer, MegaCell. The cell efficiencies are 
expected to increase to 21% in Q1 2015 [56]. In October 2014, Sunpreme 
demonstrated a 500 W (front side) bifacial module based on their 
SmartSilicon® Hybrid Cell Technology (HCT) [57]. Meyer Burger has 
claimed to produce a 327 W module (front side) with its heterojunction cell 
technology. The module uses 60 bifacial cells (156 mm × 156 mm) connected 
using the so-called “smart wire” connection technology (SWCT) [58] 
 
2.2 Applications and potential benefits 
Bifacial device applications can be categorized as terrestrial applications 
and space applications. Terrestrial applications of bifacial devices reported in 





as noise barriers along highways, in fence integrated PV systems, as a 
component of building architectures, with static concentrators, as multi-
functional bifacial PV sun shading elements, etc. [59]. Some of these 
applications are further discussed in the next few sections. 
2.2.1 Terrestrial albedo collection configuration 
The initial thrust for bifacial module applications was to use them as 
albedo collecting devices using flat mirrors that directed Sunlight towards the 
rear as proposed by Mori in 1961 and later implemented by Chevalier and 
Chambouleyron [47, 48, 52]. Even today, most bifacial PV researchers are 
focusing on bifacial cell cost reduction so as to use them in albedo collection 
configuration for effectively reducing the LCOE of PV systems [60]. The use 
of bifacial modules for terrestrial albedo collection applications is 
advantageous for both sunny and cloudy climates since the scattered light 
from the sky (or ground) can be collected. A number of bifacial PV 
installations can be found with this configuration [61, 62]. With albedo 
collection, a power gain of ~ 20% has been reported without special 
installation configuration [63]. The power gain can reach up to 50% if a 
specifically designed module installation is used [21]. Figure 2.4 shows a 
photograph of a bifacial PV system installed on a white coated rooftop. 
 
Figure 2.4 Photograph of a rooftop bifacial PV module installation with white 




2.2.2 Vertically mounted bifacial PV modules 
With the decrease in the cost of PV system components, space and land 
availability become a concern for implementation of large-size PV power 
plants. Several authors estimated the land required for PV installation [64, 65]. 
Due to the capability of accepting light from both sides, bifacial modules can 
effectively save the space/land required when used in vertical installations. 
The vertically installed PV system can also serve other purposes, such as noise 
barrier when installed along railway tracks and highways [66, 67], fence 
integrated PV systems [68] and components of buildings [69]. Various studies 
- including my own - indicate that vertically installed bifacial PV modules for 
higher latitude locations produce energy which is comparable to monofacial 
modules installed at conventional latitude tilt, and significantly higher than 
that of vertically installed monofacial modules [39, 70, 71]. 
An 8-kWp PV plant located near Zurich, Switzerland along a north–
south motorway flyover is the world’s first PV noise barrier bifacial PV 
system, which was installed in 1997 [66, 72]. Figure 2.5 shows a photograph 
of a vertical installation of bifacial PV modules as noise barriers [73]. 
 
 
Figure 2.5 Photograph of vertically installed bifacial PV modules serving as noise 




In addition, vertically installed bifacial modules can also help in 
matching the PV generation with the load curve. Figure 2.6a shows the daily 
generation curves of bifacial (vertical) and monofacial (latitude tilt) PV 
modules for a location in Japan. It can be seen that a PV system comprising 
monofacial (or bifacial) modules installed at conventional latitude tilt and 
vertically installed bifacial modules can potentially provide a rather flat PV 
generation curve and better matches a typical daily demand curve shown in 
Figure 2.6b [71, 74]. 
 
 
Figure 2.6 (a) Daily generation curves of bifacial and monofacial modules in Japan 







2.2.3 Bifacial modules for space applications 
The power sources required for space applications have to be reliable, 
ideally have high specific power (i.e., power to weight ratio), and should have 
minimal performance degradation at elevated temperatures [75]. Initially, the 
emphasis on bifacial cell applications was for space applications since these 
cells can realize some of these requirements [76]. In space, bifacial cells offer 
a lower solar absorbance in the infra-red region of the spectrum, thus reducing 
the operating temperature of the cells and increasing Sunlight collection from 
the Earth's albedo [50]. In general, due to the difference in the primary heat 
dissipation mechanisms (convection for terrestrial and radiation for space), PV 
modules installed in space operate at a significantly higher temperature 
compared to those installed in terrestrial applications. Thus, bifacial modules 
can offer reduced operating temperature of the cells, as they absorb less infra-
red radiation compared to monofacial modules. 
The power gains in the space applications of bifacial cells anticipated by 
Bordina were confirmed in space tests performed in 1974 [77]. In 2000, Latin 
et al. presented a paper on 10-kW bifacial space arrays in operation at the 
International Space Station with 10-20% increased power generation 
compared to monofacial arrays [78]. In 2012, Grigorieva et al. presented 
energy gains of 15-45% from a bifacial array compared to a monofacial array 
on the LEO spacecraft [79]. 
2.2.4 Static concentrators 
One possible application of bifacial solar cells is in static concentrators, 




Ortabasi introduced a 20× concentration system using bifacial solar cells [80]. 
This system uses top-mounted Fresnel lenses to focus a part of solar radiation 
onto the front side of a bifacial cell and the rest on a reflector, to reflect light 
to the rear side of the bifacial cell as demonstrated in Figure 2.7. In 1997, he 
introduced a 2× concentration PV module based on bifacial cells [81]. In the 
latest design, he eliminated the top-covering Fresnel lens which reduced the 
solar gain, but a high operating temperature (up to 85°C) faced in the previous 
design was avoided. 
In the literature, a performance analysis of various types of static 
concentrators using bifacial solar cells was presented by Edmonds [82]. He 
showed that a static concentrator with symmetrical bifacial cells may be 
operated at average annual power gains of four times [82]. Since these systems 
are fixed, they can be compared directly with conventional panels in respect to 
ease of installation and maintenance. 
 
 






Figure 2.8 Schematic of a flat plate static concentrator using bifacial solar cells [70]. 
 
In 2003, Uematsu et al. introduced a static concentrator flat-plate solar 
panel equipped with bifacial solar cells and a V-groove reflector as shown in 
Figure 2.8 [70]. It only provides a low level of concentration and the distance 
of the bifacial cells from the V-groove reflector affects the concentration ratio. 
2.2.5 Building integrated PV applications 
Building integrated photovoltaics (BIPV) are PV materials which are 
used to replace conventional building materials for certain elements of a 
building, such as the roof, skylights and facades [83]. Due to the advantage in 
initial installation cost saving and providing auxiliary supply to the building, 
they are increasingly being incorporated into new and existing buildings, such 
as window integrated, wall integrated, and parking lot integrated. A number of 
BIPV installations can be found in the literature [69, 84, 85]. 
In 2003, Hezel introduced a novel multifunctional bifacial PV Sun-
shading element which ideally combines aesthetic appearance and significant 
cost reduction for solar electricity generation [69]. Figure 2.9 schematically 
shows the working principle of such a Sun-shading element. In this design, 
bifacial cells partially cover the panel and are placed with an offset distance 
from the wall. A portion of solar radiation hits the cells and the rest penetrates 




reflector to the rear side of cells. A broad spectrum of applications is possible 
with this design, such as for shop windows, private homes, offices and 
industrial buildings. Figure 2.10 shows a photograph of a parking lot 
integrated with such Sun-shading elements [69]. Hezel showed that with this 
arrangement ~ 37% more electrical energy can be produced compared to using 
monofacial cells in a similar design [69]. 
 
 
Figure 2.9 PV Sun-shading element with bifacial solar cells and semi-transparent 
reflector sheet [69]. 
 
 




2.3 Challenges with bifacial PV devices 
Although bifacial PV devices offer many advantages and can be used in 
a variety of applications for PV power generation, their share in mainstream 
PV power systems is almost negligible at present. This is partly due to the fact 
that they are relatively new to the market compared to standard wafer-based 
monofacial PV technology. Furthermore, there are various technical 
challenges and problems associated with these devices, as listed in Chapter 1 
of this thesis. Some of the technical challenges reported in the literature are 
described below: 
2.3.1 Installation-based performance dependence 
The energy gain from a bifacial module over a monofacial module is due 
to the additional albedo collection on the rear side of the module. This energy 
gain depends on a number of factors, including installation parameters, 
characteristics of the incident irradiance, module rear-side current response, 
etc. [20, 21, 86]. The only parameter which can be controlled during cell (or 
module) fabrication is the module rear-side current response. The remaining 
factors depend on the location and the installation conditions. A number of 
simulation and experimental studies were performed to understand the effect 
of these parameters on bifacial gain under real-world outdoor conditions [20, 
25, 39]. 
For bifacial modules mounted at the conventional tilt angle (= latitude), 
the installation parameters affecting the energy yield are module elevation, 
spacing between the modules, ground reflectivity, and the irradiance 




discussed in the previous section, one important application of bifacial PV 
modules is in vertical installation. The literature shows that the performance of 
vertically installed PV modules mainly depends on the ‘bifaciality’ (i.e., the 
ratio of the current responses of both sides of the module), the latitude, the 
diffuse fraction and the albedo [71, 88]. 
Due to the various factors affecting the energy yield of a bifacial PV 
module, the end-use gain from this module type compared to the standard 
monofacial modules is not easily quantified. In the literature a gain in the 
range of 10-50% is reported, depending on the location of installation and the 
installation parameters. Higher gains are possible if the installation conditions 
are optimised for a particular location. This is one of the major challenges with 
bifacial devices. Defining standard guidelines can help suggesting the end-use 
benefits from these devices and making the bifacial PV technology more 
popular. 
2.3.2 Cell processing steps and associated cost 
The main bifacial cell fabrication technologies used in the PV industry 
are based on c-Si wafers (both n-type and p-type), including heterojunction 
technology. The heterojunction structure is particularly favourable for bifacial 
solar cells since this cell type can easily be made bifacial, by using a grid-like 
rear metal electrode on the full-area rear transparent conductive oxide (TCO) 
layer [89, 90]. Fabrication of bifacial cells based on homojunction c-Si 
technologies requires a few extra steps compared to the monofacial solar cells 
design. Table 2.1 compares the typical fabrication processes for bifacial and 




Table 2.1 Comparison of fabrication processes for bifacial and monofacial solar cells 
on p-type monocrystalline silicon wafers [36]. 
Bifacial cell Monofacial cell 
Saw damage removal and wafer 
cleaning 
Saw damage removal and wafer 
cleaning 
BBr3 (boron tribromide) diffusion 
and in-situ oxidation 
- 
SiO2/ SiNx stack on the rear side - 
Front side etch back /texturization Texturization 
POCl3 (phosphoryl trichloride) 
emitter diffusion 
POCl3 emitter diffusion 
PECVD (plasma-enhanced chemical 
vapour deposition) SiNx ARC 
(antireflection coating) front side 
PECVD SiNx ARC front side 
Screen printing front side electrode Screen printing front side electrode 
Screen printing rear contact Screen printing rear contact 
Co-firing Co-firing 
 
At present, various researchers are exploring n-type silicon wafer solar 
cells as they can achieve higher efficiency than their p-type counterparts. 
N-type silicon has a higher tolerance to common transition metal impurities, 
potentially resulting in higher minority carrier diffusion lengths compared to 
p-type substrates, and does not suffer from light-induced degradation due to 
the boron-oxygen related defect which is commonly present in p-type Cz Si 
[91, 92]. Thus, if n-type wafers are being used, not much extra effort is 
required to obtain a bifacial cell, instead of a monofacial cell [93]. With the 
optimisation of the rear side texturization and passivation, as well as the use of 




In general, processing of c-Si based bifacial solar cells requires about 
2-5 additional processing steps as compared to conventional monofacial solar 
cells, depending on the process and type of wafer (n-type, p-type) used. These 
additional processing steps are sometimes more complicated than those used 
for monofacial cells and add to the fabrication cost [37]. Thus, to take full 
advantage of the cost reduction via the energy gain from a bifacial PV module, 
it is necessary to reduce the number of additional cell processing steps and 
their cost. Efforts to reduce the cost are ongoing. In the literature, researchers 
have shown that ion implantation is possibly a cost-effective approach for 
bifacial solar cell fabrication, since it is a single-sided process [94, 95]. 
2.3.3 Characterisation and standardisation of bifacial devices 
In-depth characterisation of solar cells and modules is an important 
aspect of research, as it assists in improving the performance of these devices. 
In the PV value chain, characterisation of devices and processes is required at 
every stage, starting from cell fabrication all the way through to PV system 
performance evaluation. For monofacial solar cells and modules, measure-
ments under standard test conditions (STC) are well established and 
commonly used in the PV community [96].  Measurement under STC corres-
ponds to indoor measurement under air mass 1.5 global (AM1.5G) 
illumination with 1000 W/m
2 
and a device temperature of 25˚C [97]. 
However, being relatively new to the PV industry, there are as yet no 
generally accepted, standard methods for characterising bifacial solar cells and 
modules. Since bifacial PV modules operate under simultaneous front and rear 




bifacial device characterisation should incorporate this feature. Recently, 
during the bifiPV workshop in Chambery, France, many PV researchers 
presented the challenges and difficulties in characterising bifacial solar cells 
and modules [32-34]. For bifacial solar cells, most authors measure and report 
the front and rear side electrical parameters [efficiency, fill factor (FF), open-
circuit voltage (Voc) and short-circuit current (Isc)] separately under STC [53, 
98, 99]. Some publications report the performance of bifacial devices with the 
front side electrical parameters and rear-to-front Isc ratio measured under STC 
conditions [20]. 
The cell and module manufacturers also face the problem of 
standardising their bifacial products. In the absence of standards, most bifacial 
PV module manufacturers report the front side monofacial electrical 
parameters under STC and tabulate the module electrical parameters assuming 
additional current as a percentage of the front side current [100, 101]. In the 
literature, the terms “equivalent efficiency” or “equivalent power” are also 
used by some manufacturers to provide the bifacial performance of their 
devices. This “equivalent efficiency/power” for bifacial illumination is equal 
to the sum of the front side STC efficiency, and the rear side efficiency 
multiplied by the proportion of irradiance on the rear side (for example 20%) 
[23, 102]. Although not very accurate, this way of reporting provides 
manufacturers an additional selling feature for their bifacial PV products. All 
of the above-mentioned reporting methods of bifacial solar cells either do not 
consider the bifacial illumination operation, or the bifacial characteristics are 






Figure 2.11 Schematic of a bifacial solar cell I-V tester with one light source [103]. 
 
To measure bifacial solar cells or modules under simultaneous front and 
rear side illumination, specially designed bifacial solar cell or module testers 
were reported by various researchers and measurement equipment manufac-
turers.  Ohtsuka and Ezquer independently presented a measurement setup 
based on one light source with mirrors and filters [103, 104]. Figure 2.11 
shows a schematic of the measurement setup. Some equipment manufactures 
also offer a two light source measurement setup [105, 106]. These 
measurement setups can potentially measure the bifacial cells (and modules) 
for various combinations of front and rear side illumination and provide the 
actual bifacial illumination performance.  However, the design of these solar 
simulators is complex and requires additional components, such as mirrors, 
multiple reference sensors (single light source), or two light sources with 
synchronization capability etc. 
2.3.4 Rating and cost estimation of bifacial solar cells and modules 
For conventional monofacial solar cells and modules, standards have 




[96]. These standards help manufacturers (and users) to sell or buy the solar 
cells and modules according to the price per Watt power output under STC.  
Additionally, the output power under STC is also used to calculate the system 
installed capacity and for selecting the components for design of PV systems 
[107, 108].  However, in the case of bifacial solar cells and modules, standard 
ratings and guidelines are not available. Manufacturers of bifacial solar cells 
and modules suffer with the standard indoor measurements and have no 
standard way of rating the efficiency/power and hence setting a fair price per 
Wpeak of these devices. 
In the absence of appropriate standards, manufacturers, PV system 
installers and users sell or buy their products with measurements taken under 
front side illumination, the same as used for monofacial devices [100, 102, 
109, 110]. Also, some bifacial module manufacturers propose system 
installation guidelines and recommend a higher rating of the electrical 
components with their product considering rear side gain in outdoor conditions 
compared to front side STC power [111]. Recently, Metz suggested to 
measure bifacial PV modules with a two light source system, keeping the front 
side at one Sun and the rear side at a lower irradiance of  0.2 Sun [35]. It can 
be seen that rating and pricing of bifacial PV devices are very important; thus, 
suitable characterisation techniques and price evaluation methods will help 






CHAPTER 3 - FABRICATION AND MEASURE-
MENT TECHNIQUES 
3.1 Introduction 
Throughout this PhD study, a number of c-Si wafer based PV modules 
were fabricated. They were made in SERIS’ PV module laboratory. Various 
measurement techniques and instruments were used to analyse the 
performance of bifacial solar cells (available commercially) and bifacial 
modules (available commercially and fabricated at SERIS). This chapter 
explains the process flow adopted to fabricate wafer-based PV modules (mini-
modules and large-size modules) in the course of this study. The principles 
and concepts used to measure the bifacial solar cells and modules are also 
discussed. 
 
3.2 PV module fabrication 
This section explains the approach and process flow adopted for the 
fabrication of c-Si wafer based PV modules. For the work discussed in 
Chapters 6 and 7 of this thesis, fabrication of single-cell mini-modules and 
large-size modules using bifacial solar cells is required. A wafer-based PV 
module is an encapsulated assembly of solar cells connected in series. The 
cross-section of a standard wafer-based c-Si PV module is illustrated in Figure 
3.1 [112]. Figure 3.2 shows the flow chart of the process sequence which is 









Figure 3.2 Flow chart of the c-Si PV module fabrication process. 
 
Since the fabricated modules were used mostly for research purposes, 
the module processes which are important for this work are cell 
interconnection, making electrical contact and lamination. The next sections 
describe these processes. 
3.2.1 Cell interconnection and making electrical contacts 
In a c-Si PV module, the cells are connected in series to provide output 
power at appropriate current and voltage. To interconnect the solar cells, 

































assembly is also known as string. Figure 3.3 shows photographs of ribbons 
soldered on a solar cell (front and rear sides) and a string of two cells. These 
strings are then interconnected with auxiliary bussing ribbons to form the cell 
matrix. A few years ago, these operations were performed manually, but 
current factories use sophisticated equipment that performs most of the 
operations automatically. For the work described in Chapters 6 and 7 of the 




Figure 3.3 Photographs of ribbons soldered on back and front of c-Si solar cells (top) 
and a two-cell string (bottom). 
 
3.2.2 Lamination  
After making the electrical connections and laying up the cell matrix, it 




environment. The layers used to encapsulate the solar cells are described in the 
module cross-section view of Figure 3.1. After preparing all the layers of the 
module assembly, lamination is performed using a laminator. The laminator is 
a processing chamber with temperature, vacuum and pneumatic pressure 
capabilities, which are independently controlled to provide optimum process 
conditions. For the lamination of single-cell mini-modules and large-size 
modules, a laminator from the Italian company P.Energy (model L640A) was 
used. The process conditions (‘recipe’) depend on the types of encapsulation 
materials and the module structure (glass/glass or glass/ backsheet) used. 
Hence, all the module fabrication work in this thesis was accomplished after 
optimizing the recipe for a particular module structure and the used materials.  
Optimization of the lamination process is a critical step in wafer based 
PV module fabrication because it affects the durability and performance of the 
modules. The lamination profile is varied using various process parameters 
listed above i.e. vacuum time and temperature, lamination temperature and 
pressure till required lamination quality is obtained. To test the lamination, 
following parameters can be checked sequentially at different levels: 
 Visual inspection, to check for air bubbles, cell breakage, glass 
breakage in the PV laminate. 
 Hammer test, to check the bonding strength of different layers (for 
glass/glass modules) 
 Fully/partially cured encapsulants. For example EVA is tested for 
percentage cross-linkage using gel-content test. 
 Testing the optical properties of encapsulated module assembly. It can 




The lamination profile is changed in different steps so as to get a module 
laminate free from air bubbles, without cell breakage and with good bonding 
strength. 
 
3.3 Measurements of bifacial solar cells and modules 
This section provides an overview of the measurement techniques and 
instruments that were used for the detailed performance analysis of bifacial 
solar cells and modules. The concepts and instruments used for bifacial solar 
cell and module measurements are mostly the same as the ones used for 
conventional monofacial devices. For some measurements, additional care has 
to be taken considering the bifacial nature of the devices. 
3.3.1 Current-voltage (I-V) measurements 
The electrical performance of solar cells and modules can be described 
by their current-voltage (I-V) characteristics. The I-V characteristics of solar 
cells and modules are usually reported at standard test conditions (STC), 
which corresponds to an irradiance of 1000 W/m
2
, the AM1.5G spectrum, and 
25°C device temperature [97, 114]. Efficiency (η) and power under STC are 
the most commonly used parameters to report the performance of solar cells 
and modules, respectively. The efficiency of a PV device is defined as the 
maximum generated electrical power divided by the total irradiance and 





where Pmax is the maximum output power, Et is the incident irradiance 




The maximum output power can be further expressed in terms of the 
electrical parameters of solar cells and modules, as follows [115, 116]: 
𝑃𝑚𝑎𝑥 = 𝑉𝑚𝑝𝐼𝑚𝑝 = 𝑉𝑜𝑐𝐼𝑠𝑐𝐹𝐹 (3.2) 
where 𝑉𝑚𝑝 and 𝐼𝑚𝑝 are the voltage and current at the maximum power point on 
the I-V curve, and 𝑉𝑜𝑐, 𝐼𝑠𝑐 and FF are the open-circuit voltage, short-circuit 
current and fill factor of the PV device. Figure 3.4 shows the I-V characteris-
tics and the electrical parameters of a typical c-Si wafer solar cell. 
From Equation (3.2), the FF is defined as the ratio of the maximum 
power from the solar cell to the product of Voc and Isc. Graphically, the FF is a 
measure of the squareness of the cell’s I-V characteristics and is always less 
than one [115, 116]. Thus, the main electrical performance parameters of a PV 
device are efficiency, 𝑉𝑜𝑐, 𝐼𝑠𝑐 and FF reported under STC. 
 
 
Figure 3.4 Current-voltage characteristics of a typical c-Si wafer solar cell. Also 
shown are the various electrical parameters. 


























Since this thesis deals with bifacial c-Si solar cells and modules, special 
care should be taken during the measurements of such devices. A significant 
amount of long-wavelength light passes through bifacial solar cells [117]. This 
transmitted light when reflected back from a mounting chuck
1
 or structure can 
introduce errors in the measurements. A short-circuit current enhancement of 
about 1.0% is reported due to the reflectance from a reflective chuck (for 
example a gold-plated chuck, which has a reflectance of > 80% for long-
wavelength light) [117]. The I-V measurements of bifacial solar cells are 
required in Chapters 4, 6 and 7. The bifacial cells were measured using a 
continuous light source cell tester from OAI (TriSOL
TM 
Solar simulator and I-
V tester) with Class AAA
2
 Certification [118]. To measure the I-V curve that 
is free from errors due to the chuck reflectance, ideally a non-reflective black 
chuck should be used. For this work, bifacial solar cells were measured using 
the available gold-plated chuck. To minimise the error due to the chuck 
reflectance, bifacial cell I-V measurements can be normalised to the module I-
V measurements. This normalisation process is discussed in detail in Chapter 
7. Furthermore, there is no standard to define the measurements on a 
conductive or non-conductive chuck; so this thesis uses the commonly used 
gold-plated conductive chuck to measure the bifacial cells. 
The I-V characteristics of bifacial and monofacial PV modules were 
measured using a flash based solar simulator (SunSim3b LS, Pasan). This 
measurement setup is a commercially available standard solar simulator which 
                                                          
1
 A chuck is a conductive solar cell mounting structure which is used to make electrical 
connections from a solar cell to the measurement device. Most solar simulators use a gold-
plated chuck with good conductivity. 
2
 A solar simulator with irradiance spectral match in the range of 0.75-1.25, spatial non-




is routinely used to measure monofacial PV modules. The measurements on 
bifacial and monofacial modules are used in Chapters 5, 6 and 7. While 
measuring one side of the bifacial module, the other side (i.e., the non-
illuminated side) was covered with a black cloth to ensure that no stray light 
(for example due to reflection from the wall/measurement structure) enters the 
module. The black cloth used to cover the module’s non-illuminated side is a 
standard black velvet for which the measured average reflectance are shown in 
Figure 3.5. The reflectance of the cloth was measured using the method 
described later in this Chapter. For bifacial modules with a standard cell gap, 
the effect on module current due to the non-zero reflectance of the black cloth 
is < 0.15% and hence can be neglected. 
 
 
Figure 3.5 Measured reflectance of the black cloth which was used to cover the non-
illuminated side of the bifacial module during I-V measurement. 
 






















3.3.2 Spectral response measurement and quantum efficiency 
The quantum efficiency curve provides valuable information about a 
solar cell’s design and material quality. It is essential to understand current 
generation, recombination, and charge collection mechanism in PV devices. 
For a given photon wavelength, the "quantum efficiency" (QE) is the ratio of 
the number of photo-generated carriers collected by the solar cell at short 
circuit to the number of incoming photons [115]. Figure 3.6 shows the external 
quantum efficiency (EQE) curve of a typical c-Si wafer solar cell. 
There are various spectral response measurement systems available 
including ones based on interference filters, grating monochromators, and 
interferometers [96]. For this PhD work, the spectral responses of the bifacial 
cells and mini-modules were measured at SERIS using a solar cell full-area 
spectral response measurement system (SR-156, Enli technology co. ltd.). 
From the spectral response measurement, the standard EQE of the solar cell  
 
 
Figure 3.6 Measured external quantum efficiency (EQE) curve of a typical c-Si wafer 
solar cell. 

























(or mini-module) is determined using the calibration values from the reference 
cell. The reference cell has a similar size as the measured solar cell; this 
minimizes effects from lateral non-uniformities of the intensity of the mono-
chromatic light. Since in this work the EQE measurements were performed 
only on glass/EVA/cell and glass/glass mini-module samples, masking the 
edges of the mini-modules was not required. 
Using the EQE, the short-circuit current of the cell (or mini-module) for 
one-Sun (AM1.5G spectrum) illumination can be calculated as follows: 
𝐼𝑠𝑐 = 𝑞𝑎𝑐𝑒𝑙𝑙 ∫ 𝐸𝑄𝐸(𝜆)Φ𝑝ℎ.𝐴𝑀1.5 (𝜆)𝑑𝜆, (3.3) 
where q is the electronic charge, 𝑎𝑐𝑒𝑙𝑙 is the solar cell area, and Φ𝑝ℎ.𝐴𝑀1.5(𝜆) 
is the photon density of Sunlight corresponding to the AM1.5G irradiance 
spectrum. 
The EQE of a solar cell includes the effect of optical losses such as 
transmission and reflection. To study the charge collection mechanism after 
the photons are absorbed in the cell, the internal quantum efficiency (IQE) is 
used. The IQE of a cell refers to the efficiency with which the photons being 
absorbed in the cell can generate collectable carriers. For a bifacial solar cell, 
the IQE can be calculated using the measured reflectance (𝑅𝑐𝑒𝑙𝑙), trans-






1 − 𝑅𝑐𝑒𝑙𝑙 − 𝑇𝑐𝑒𝑙𝑙
 (3.4) 
In all the spectral response measurements on bifacial solar cells 




to bifacial cell transmittance in the long-wavelength region. In Chapter 7, 
special mini-module structures are fabricated to eliminate this error. 
3.3.3 Suns-Voc measurements 
Suns-Voc is a powerful technique that is frequently used to investigate 
the electrical quality and design aspects of solar cells. The technique does not 
require electrical contacts on the devices and thus allows to measure the 
performance of the solar cell at various stages of the fabrication process [119, 
120]. In Suns-Voc measurements, the open-circuit voltage (Voc) of solar cell is 
measured as a function of the light intensity (which can be assumed to be 
proportional to the short-circuit current). The technique was introduced by 
Sinton and Cuevas in 1990s and since then it is widely used for solar cell 
characterisation [119]. By using a flash lamp with a sufficiently slow decay 
(milliseconds), Suns-Voc characteristics can be measured quickly. 
From the Suns-Voc measurements, a Jsc-Voc plot can be constructed. This 
is a useful way to look at the diode characteristics (I-V curve) in the absence 
of series resistance [121]. The series resistance has no effect on the 
Voc measurements since no current is drawn from the cell at Voc. The one-Sun 
Jsc of the device under test is estimated and assumed to scale linearly with the 
light intensity (which is measured with a calibrated c-Si concentrator solar 
cell) [115, 119]. The I-V curve obtained in this way from the Suns-
Voc measurement is free of series resistance effect and thus often termed as the 
‘pseudo I-V curve’ of the solar cell. The FF resulting from the pseudo I-V 
curve is known as the ‘pseudo fill factor’ (pFF), which is often used to analyse 




Chapter 4 of this thesis requires Suns-Voc measurements to determine the 
pseudo fill factor of bifacial solar cells, which provides a basis to calculate the 
bifacial performance of the bifacial solar cells. 
3.3.4 UV-VIS spectrophotometer measurements  
A spectrophotometer (Agilent Cary 7000 Universal Measurement 
Spectrophotometer) with an integrating sphere was extensively used to 
measure the reflectance and transmittance of the bifacial solar cells and mini-
modules (with different module structures). This instrument has a resolution of 
< 0.048 nm. The solar cells and mini-modules were carefully placed such that 
the measurement spot always covered the same number of metal fingers. 
During the reflectance measurement, a black cover was used to absorb any 
light transmitted through the samples so that the reflectance measurements are 
unaffected by the transmission behaviour of the bifacial solar cells. 
Furthermore, to prevent specularly reflected light from escaping the 
integrating sphere through the entry port, the light was incident on the samples 






CHAPTER 4 - A NEW METHOD TO CHARAC-
TERISE BIFACIAL SOLAR 
CELLS 
4.1 Introduction 
Indoor measurement and characterisation of solar cells play an important 
role in assessing their performance and quality. In-depth characterisation of 
solar cells assists to improve their performance by optimising the design, 
fabrication process parameters and materials. For conventional monofacial 
solar cells, I-V measurement under standard test conditions (STC) is well 
established and commonly used by the PV community. However, there is no 
generally accepted, standardised method available to characterise bifacial solar 
cells. In the literature, some authors report the front
3
 and rear side electrical 
parameters [efficiency, fill factor (FF), open-circuit voltage (Voc) and short-
circuit current (Isc)] [53, 98, 99], while others characterise the bifacial cells 
with front side electrical parameters and rear-to-front Isc ratio [20], measured 
under STC. The term “equivalent efficiency” is also used by some 
manufactures to characterise the bifacial solar cells, which is the sum of the 
front and the rear side efficiencies in the proportion of irradiance on each side 
of the cell [23, 125]. Fundamentally, all these methods report the front and 
rear side characteristics of bifacial solar cells separately. This way of 
separately reporting the front and the rear side characteristics does not provide 
                                                          
3
 In general, the front side of the bifacial solar cell is the side with higher current response (i.e. 
higher Isc). This convention is used throughout this thesis. If the bifacial cell response is truly 




information regarding the actual bifacial operation of the cells because the 
bifacial characteristics are not simply a linear combination of the monofacial 
characteristics. Also, this way of characterising the bifacial cells lacks the end-
use gain of the bifacial nature of these cells which is the primary characteristic 
of this device type. 
In real-world conditions, both the front and the rear sides of a bifacial 
cell absorb photons simultaneously, and thus its behaviour will be different 
compared to a cell receiving Sunlight from one side only. Hence, there is a 
need for a standard laboratory method which includes the rear side gain and its 
effect on the overall performance of the bifacial solar cell. As a possible 
solution, Ohtsuka et al. and Elder et al. presented measurement setups to 
measure the I-V characteristics of bifacial solar cells under simultaneous front 
and rear side illumination [104, 126]. However, this setup requires additional 
specialised equipment to a normal solar simulator, including mirrors and 
filters. Additionally, due to the resources and time utilization, it is neither 
practical nor feasible to measure bifacial solar cells for all possible combi-
nations of the front and rear side illuminations. 
In this Chapter, a new method to characterise bifacial solar cells for 
simultaneous bifacial illumination is introduced and also published by the 
author in Ref. [127]. This method requires only single-sided measurements 
under STC. Since the standard characterisation method under STC uses 
one-Sun illumination, the bifacial performance of bifacial solar cells is defined 
corresponding to the front side illumination of one Sun and rear side 
illumination of certain percentage of the front side illumination. For a bifacial 




well as the end-user point of view, hence, the present method deals with the 
bifacial nature of the cells by introducing two new parameters, namely the 
bifacial 1.x efficiency (𝜂1.𝑥) and the gain-efficiency product (GEP) defined 
later in this Chapter. 
 
4.2 The method: Bifacial 1.x efficiency and gain-efficiency 
product for bifacial solar cells 
4.2.1 Definitions 
The irradiance gain is defined as: 




where 𝐺𝑓 is the irradiance on the front side of the solar cell and 𝐺𝑟 is the 
irradiance on the rear side of the solar cell. The irradiance factor is defined as: 
𝑥 =  
𝐺𝑟
𝐺𝑓
= 𝑔 − 1. (4.2) 
To define the bifacial 1.x efficiency, it can be assumed that the 𝐼𝑠𝑐 of the 
bifacial cell varies linearly with irradiance, and a bifacial solar cell can be 
considered as a monofacial solar cell operating at a current which is equal to 
the sum of the current generated from both sides of the bifacial solar cell [104, 
128, 129]. Now, when a bifacial solar cell is illuminated with a front-side 
irradiance of 𝐺𝑓 = 𝐺𝑆𝑇𝐶 and a rear-side irradiance of 𝐺𝑟 = 𝑥𝐺𝑆𝑇𝐶 , then the 




ℛ𝐼𝑠𝑐 =  
𝐼𝑠𝑐−𝑓 + 𝑥𝐼𝑠𝑐−𝑟
𝐼𝑠𝑐−𝑓




where 𝐼𝑠𝑐−𝑓 and 𝐼𝑠𝑐−𝑟 are the short-circuit currents of the bifacial cell 
measured under the front and rear side illumination at STC (assuming no 
reflection from the measurement chuck), respectively. Here, ℛ𝐼𝑠𝑐 is the factor 
by which the bifacial cell current increases under bifacial illumination 
compared with monofacial illumination. Generally, ℛ𝐼𝑠𝑐 is less than the 
irradiance gain 𝑔, since for a typical bifacial solar cell, 𝐼𝑠𝑐−𝑟 is lower than 
𝐼𝑠𝑐−𝑓. 
The efficiency of the bifacial cell under simultaneous both-side 
illumination conditions will be different from front side efficiency measured at 
STC. This effective efficiency of the bifacial solar cell for cell area equal to 





where 𝑉𝑜𝑐−𝑏𝑖 and 𝐹𝐹𝑏𝑖 are the open-circuit voltage and fill factor of the cell 
corresponding to bifacial illumination, respectively. Now, by multiplying the 
numerator and denominator in Equation (4.4) by 𝑉𝑜𝑐−𝑓𝐹𝐹𝑓  and rearranging 
the terms, one obtains 
















which simplifies to 













Therefore, in order to calculate the bifacial 1.x efficiency of a bifacial 
solar cell, one needs to determine the effective 𝑉𝑜𝑐 and effective FF for bifacial 
illumination i.e. 𝑉𝑜𝑐−𝑏𝑖 and 𝐹𝐹𝑏𝑖 
4.2.2 Calculation of effective 𝐕𝐨𝐜  (𝐕𝐨𝐜−𝐛𝐢) 
In a first approximation, the open-circuit voltage of a solar cell depends 
on the light-generated current and the dark saturation current. Thus one can 
write in general [130] 
𝑉𝑜𝑐 ∝ 𝐿𝑛 (
𝐼𝑠𝑐
𝐼0
) , (4.7) 
where 𝐼0 is the dark saturation current. It can be assumed that dark saturation 
current remains constant
4
 for the range of illumination intensity variation due 
to bifacial operation of the cell. The above relation can be written for two 
different illumination conditions, i.e. front side illumination only, and bifacial 
illumination: 
𝑉𝑜𝑐−𝑓 ∝ 𝐿𝑛 (
𝐼𝑠𝑐−𝑓
𝐼0
) , (4.8) 
𝑉𝑜𝑐−𝑏𝑖 ∝ 𝐿𝑛 (
ℛ𝐼𝑠𝑐 . 𝐼𝑠𝑐−𝑓
𝐼0
) . (4.9) 
Dividing Equation (4.9) by Equation (4.8), 𝑉𝑜𝑐−𝑏𝑖 can be obtained as 










Equation (4.10) gives the expression for the effective  𝑉𝑜𝑐 under different 
illumination conditions. The dark saturation current in the previous equation is 
                                                          
4
The assumption that the diffusion length exceeds the wafer thickness (i.e., L > W) was 














At T = 298 K and assuming a diode ideality factor
5








where 𝑉𝑜𝑐−𝑓 is in Volts. 
4.2.3 Calculation of effective FF (𝑭𝑭𝒃𝒊) 
It is well known that series resistance causes resistive power loss in solar 
cells under operation conditions and that the fill factor of a solar cell reduces 
with an increase in the resistive losses. For a bifacial cell with additional rear 
side illumination, the actual current will be higher compared to a solar cell 
with only front side illumination. Hence, the resistive loss under bifacial 
illumination is expected to be higher than those of monofacial illumination. 
This causes a net reduction in the FF of the bifacial solar cell when illuminated 
from both sides. 
To calculate the effective FF of a bifacial solar cell under bifacial 
illumination, the relative resistive loss was calculated using two different 
approaches, and then both were equated. The first approach uses Ohm’s law to 
calculate the relative resistive loss. The second approach considers the change 
in FF due to the additional rear-side irradiance. 
                                                          
5
For standard industrial c-Si wafer solar cells as considered in this thesis, the change in the 
ideality factor is small for the practical range of illumination intensity variation under bifacial 




In the first approach, for a solar cell with series resistance 𝑅𝑠, 
𝑃𝑅𝑠 = 𝐼
2𝑅𝑠, (4.13) 
where 𝐼 is the current flowing through the cell. Using the above relation, the 
additional resistive loss due to bifacial operation of the cell can be calculated 
in terms of a relative power loss. The relative increase in power loss with 








which can be simplified to 
𝑃𝑅𝑠
′ = ℛ𝐼𝑠𝑐
2 − 1. (4.15) 
In the second approach, the relative resistive loss can be calculated by 
considering the drop in FF caused by the bifacial operation of the cell. For a 
cell with a reasonably high shunt resistance, the difference between the pseudo 
fill factor (pFF) and the actual FF is purely due to series resistance. Thus, 
𝑃𝑅𝑠 = (𝑝𝐹𝐹 − 𝐹𝐹𝑓)𝐼𝑠𝑐−𝑓𝑉𝑜𝑐−𝑓 , (4.16) 
where 𝑝𝐹𝐹 is the FF of the solar cell considering no resistive losses. This can 
be calculated from the empirical relation given by Green [131]: 











𝑉𝑜𝑐. Alternatively, the pFF can be determined experimentally 





The relative resistive loss in terms of the FF can be calculated by 




(𝑝𝐹𝐹𝑏𝑖 − 𝐹𝐹𝑏𝑖)ℛ𝐼𝑠𝑐  𝐼𝑠𝑐−𝑓 𝑉𝑜𝑐−𝑏𝑖 − (𝑝𝐹𝐹 − 𝐹𝐹𝑓)𝐼𝑠𝑐−𝑓𝑉𝑜𝑐−𝑓
(𝑝𝐹𝐹 − 𝐹𝐹𝑓)𝐼𝑠𝑐−𝑓𝑉𝑜𝑐−𝑓
. (4.18) 
It can be assumed that the pseudo fill factor does not change 
significantly with the irradiance conditions under consideration, i.e. that 
𝑝𝐹𝐹𝑏𝑖 ≅ 𝑝𝐹𝐹, then Equation (4.18) simplifies to 
𝑃𝑅𝑠
′ =
ℛ𝐼𝑠𝑐(𝑝𝐹𝐹 − 𝐹𝐹𝑏𝑖) − (𝑝𝐹𝐹 − 𝐹𝐹𝑓)
(𝑝𝐹𝐹 − 𝐹𝐹𝑓)
. (4.19) 
Now, by equating the relative resistive loss in Equations (4.15) and 
(4.19) calculated by the two different approaches, the following can be 
obtained: 
ℛ𝐼𝑠𝑐
2 − 1 =
ℛ𝐼𝑠𝑐(𝑝𝐹𝐹 − 𝐹𝐹𝑏𝑖) − (𝑝𝐹𝐹 − 𝐹𝐹𝑓)
(𝑝𝐹𝐹 − 𝐹𝐹𝑓)
. (4.20) 
By re-arranging, one gets an expression for 𝐹𝐹𝑏𝑖: 
𝐹𝐹𝑏𝑖 = 𝐹𝐹𝑓 (ℛ𝐼𝑠𝑐 − (ℛ𝐼𝑠𝑐 − 1)
𝑝𝐹𝐹
𝐹𝐹𝑓
) . (4.21) 
4.2.4 Bifacial 1.x efficiency and gain-efficiency product 
Recall the bifacial 1.x efficiency expression in Equation (4.6). 
Now, substituting the values of 𝑉𝑜𝑐−𝑏𝑖 and 𝐹𝐹𝑏𝑖 from Equations (4.10) 




















The bifacial 1.x efficiency of a bifacial solar cell is the effective 
efficiency for bifacial illumination conditions. This new parameter can provide 
information about how the cell performs under the front-side illumination of 
one Sun, and any rear-side illumination from zero to one Sun. It is useful to 
optimize bifacial solar cell for given illumination conditions (i.e., for a given 
irradiance factor). However, this parameter does not give a fair comparison of 
the performance of a bifacial solar cells compared to a monofacial solar cell 
because to calculate the effective bifacial efficiency, one takes into account the 
incident light on both sides of the cell. The actual real-world gain from a 
bifacial cell as compared to a monofacial cell can be determined by 
considering the bifacial efficiency of the cell and the gain due to the rear side 
illumination. This prompts the author to define a new parameter called the 
gain-efficiency product, which is simply the product of the irradiance gain 𝑔 
and the bifacial 1.x efficiency as given in Equation (4.23): 













The gain-efficiency product is a figure of merit which allows the power 
output of a bifacial solar cell to be compared with the power output of a 
monofacial solar cell under the same illumination condition of one-Sun on the 





4.3 Examples: Analysis of bifacial solar cells  
To understand and study the effect of bifacial illumination on the cell 
performance, numerical simulation was performed using the method described 
in Section 4.2. A number of cells with arbitrary fictitious front and rear side 
electrical parameters were used for the simulation. The bifacial 1.x efficiency 
and the gain efficiency product were then calculated from the front and rear 
side STC characteristics of the cells. 
4.3.1 Comparison of two bifacial cells with different front and rear side 
electrical parameters 
To compare the bifacial performance, two fictitious bifacial solar cells 
were chosen. Their electrical parameters are summarized in Table 4.1. The 
parameters, bifacial 1.x efficiency and gain-efficiency product were calculated 
for irradiance gain varying from 1.0 to 1.6. Irradiance gain of 1.0 corresponds 
to front side illumination only, whereas an irradiance gain of 1.6 corresponds 
to the front side illumination of one-Sun and rear side illumination equivalent 
to 60% of the front side. Figure 4.1 shows the simulated bifacial 1.x efficiency 
and the gain-efficiency product for the two bifacial solar cells as a function of 
the irradiance gain. 
 
Table 4.1 Front and rear side electrical parameters for two fictitious bifacial solar 
cells. 
 𝐼𝑠𝑐−𝑓  (mA) 𝑉𝑜𝑐−𝑓 (mV) 𝐹𝐹𝑓  (%) pFF (%) 𝜂𝑓  (%) 𝐼𝑠𝑐− 𝑟 /𝐼𝑠𝑐−𝑓   
Cell A 5720 627.0 72.0 83.5 16.85 0.9 






Figure 4.1 Simulated bifacial 1.x efficiency and gain-efficiency product for two 
fictitious bifacial solar cells with different electrical parameters as a function of the 
irradiance gain. 
 
From Figure 4.1, it can be observed that the change in bifacial 1.x 
efficiency and gain-efficiency product are different for two investigated 
bifacial solar cells. Although the front side efficiency of the cell B is higher 
than cell A, above a certain irradiance gain (~1.25 in the present case), cell A 
shows higher bifacial 1.x efficiency and performs better than cell B. The 
higher rear-side current (higher 𝐼𝑠𝑐− 𝑟 /𝐼𝑠𝑐−𝑓) of cell A compared to cell B 
explains this behaviour. As the irradiance on the rear-side increases, the rear-
side current response of bifacial cells begins to dominate the bifacial 
efficiency. In the present case this happens for the irradiance gain of ~1.25. 
The gain-efficiency product provides the information about the end-use 
benefits from the two cells. 
This example shows that for bifacial solar cells, the actual performance 
and the cost benefits depend on the simultaneous front and rear side 
illumination conditions as well as the front and rear side performance of the 





































devices. Thus, individual front and rear side efficiencies alone do not provide 
sufficient information about a bifacial solar cell. 
4.3.2 Effect of various electrical parameters on bifacial 1.x efficiency 
and gain-efficiency product 
To compare the effect of various front and rear side parameters on the 
bifacial 1.x efficiency and gain-efficiency product, cell B was chosen as a 
baseline bifacial cell, described by the electrical parameters in Table 4.1. 
Then, each parameter of the bifacial solar cell was varied by ±8% from the 
baseline, one at a time while keeping all other parameters the same. Figures 
4.2, 4.3(b), 4.4(b) and 4.5 show the simulated characteristic curves of bifacial 
1.x efficiency and gain-efficiency product for the baseline cell and the cells 
with the varied parameters. 
Figure 4.2 shows the variation of bifacial 1.x efficiency and 
gain-efficiency product for the cells with different 𝐼𝑠𝑐− 𝑟 /𝐼𝑠𝑐−𝑓 ratios, whereby  
 
Figure 4.2 Simulated bifacial 1.x efficiency and gain-efficiency product for the cells 
with different 𝐼𝑠𝑐− 𝑟 /𝐼𝑠𝑐−𝑓 . 
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Figure 4.3 (a) Simulated effect of front side FF on the bifacial FF of the cell. 
(b) Simulated bifacial 1.x efficiency and gain-efficiency product for cells with differ-
ent front side FF. 
 
the 𝐼𝑠𝑐−𝑓 is fixed. It can be observed from the figures that Isc-r plays an 
important role in determining the bifacial performance of the cell, especially 
when the rear side irradiance gain is significant. Thus a higher value of 
𝐼𝑠𝑐− 𝑟 /𝐼𝑠𝑐−𝑓   is recommended for higher rear side illumination. 
Figure 4.3(a) shows the bifacial FF variation for the cells with different 
front side FF. It can be observed that the bifacial FF depends largely on the 
front side FF i.e. the higher the front side FF, the lesser the bifacial FF 
decreases with increasing irradiance gain. Similar trends are observed for the 
plots of bifacial 1.x efficiency and gain-efficiency product as shown in Figure 
4.3(b). The change in these two parameters with irradiance gain can 
be.explained by large negative slope for low FF cells in the bifacial FF plot. 
Since in bifacial cells the light-generated current can be significantly higher 
compared to monofacial solar cells, the resistive loss is more detrimental for 
bifacial solar cells. Figure 4.3(b) shows that with a decrease in FF not only the 
front side STC efficiency is affected but also the effect on the bifacial 1.x 
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efficiency and the gain-efficiency product is even more pronounced especially 
at high levels of irradiance gain. 
Figures 4.4(a) and 4.4(b) show the simulated characteristic curves for 
cells with varying Voc-f. It can be observed from Figure 4.4(a) that change in 
Voc-f has a less significant effect on the bifacial Voc and hence on the bifacial 
1.x efficiency than the Isc ratio or FFf. This can be explained by the fact that 
with change in irradiance, the Voc of the cell changes in a logarithmic way. 
Thus an improvement of cell Voc for front illumination affects the bifacial 
efficiency by a similar amount at any irradiance gain. 
Similarly, from Figure 4.5 it can be observed that the change in bifacial 
1.x efficiency for the cells with different Isc is similar to the change in the front 
side efficiency. This is because the effect of Isc variation is the base for all the 
calculations and already has been taken into account in the front side 
efficiency. The minor difference is mainly due to higher resistive loss at 
increased current. However increasing the Isc, and hence the efficiency 
improves the gain-efficiency product at the higher values of irradiance gain.  
 
 
Figure 4.4 (a) Simulated effect of front side Voc on the bifacial Voc of the cell. 
(b) Simulated bifacial 1.x efficiency and gain-efficiency product for cells with 
different Voc-f. 
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Figure 4.5 Simulated bifacial 1.x efficiency and gain-efficiency product for the cells 
with different front side Isc. 
 
This is because it was assumed that the front-to-rear side current ratio is the 
same even after increasing the front side Isc of the cell (thus the rear side 
current is also increasing in the same proportion). 
Now, to further investigate the effect of the various cell parameters on 
the cell performance in bifacial operation, the relative change in bifacial 1.x 
efficiency and gain-efficiency product with respect to the bifacial cell para-
meters was calculated. The results of this analysis are presented in Figures 
4.6(a) and 4.6(b). These plots provide the sensitivity of the two newly 
calculated parameters for different electrical parameters of the bifacial cell. 
These curves were plotted for different cell parameters by increasing one 
single parameter at a time by a fixed amount i.e. 10% relative from the 
baseline cell B data defined in Table 4.1. From Figures 4.6(a) and (b), it can 
be observed that the FF of the bifacial cells has the most significant effect on 
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the bifacial 1.x efficiency and the gain-efficiency product followed by the rear-
to-front side current ratio.  
Thus, for a bifacial cell, the FF and the rear-to-front side current ratio 
should be maximised. The design of bifacial cells with higher FF requires 
higher metallisation fraction on both sides, however at the same time affecting 
the current due to increase in shading loss. Thus there is a trade-off between 
the FF and the rear side Isc. This suggests that for significant amount of rear 
side illumination, i.e. more diffuse radiation and albedo from the ground, the 
rear surface of the bifacial cells needs to have excellent optical properties and 
good surface passivation to achieve good blue response. Thus bifacial 1.x 
efficiency can be improved by maximising the FF and the rear side response in 
addition to the other parameters of the cell (i.e. front side Isc and Voc). 
Solar cells with high FF are less sensitive to the FF loss at higher 
illuminations. Conceptually, this phenomenon is the same as that experienced 




Figure 4.6 Simulated effect of increasing various solar cell parameters on (a) the 
bifacial 1.x efficiency and (b) the gain-efficiency product. 
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In this Chapter, a method to evaluate the performance of bifacial solar 
cells under simultaneous bifacial illumination was presented. The method 
requires only single-sided STC measurements using a standard solar cell 
measurement setup. The significance of the newly introduced parameters was 
discussed by the simulation of the performance of fictitious but realistic 
bifacial solar cells. Since a bifacial solar cell produces higher current than a 
monofacial cell, it is of the utmost importance for bifacial solar cells to keep 
the series resistance of the cell low. The method provides a means for a 
fundamental study and optimisation of bifacial solar cells by calculating the 
bifacial 1.x efficiency. Simultaneously, the gain-efficiency product provides 
information related to energy yield and the end-use benefits, resulting from the 
bifacial nature of the cell. The characteristic curves deal with the performance 
of the bifacial cells for various irradiance conditions (and installations) i.e. 
different rear side gains. The present method requires only one single 
parameter (i.e. bifacial 1.x efficiency) for the bifacial cell design issues and 
one single parameter (i.e. gain-efficiency product) for the information related 
to the end-use benefits from the bifacial cell, instead of looking into the front 
and rear side parameters. The method can play an important role in improving 




CHAPTER 5 - A NEW METHOD TO CHARAC-
TERISE BIFACIAL PV 
MODULES 
5.1 Introduction 
A PV module is the end-use product of the PV product value chain, and 
PV system performance highly depends on the performance of the PV 
modules used in the PV system. As discussed in the previous Chapter, indoor 
characterisation is an integral part of design and fabrication processes to 
improve the PV device performance. Similar to the solar cells, PV modules are 
also measured in an indoor environment under standard test conditions (STC), 
as defined by the IEC [97]. For conventional monofacial PV modules, 
standards have been adopted to rate the modules in terms of output power and 
efficiency under STC [132]. Besides the performance assessment, these 
standards help manufacturers/users to sell/buy the modules according to the 
price per Watt power under STC. Based on the STC measurement, standard 
datasheets are available from the manufacturers for all conventional PV 
module technologies. 
Similar to the bifacial solar cells discussed in the previous chapter, 
bifacial PV modules also lack in standardisation and proper characterisation 
methods. At present, bifacial module manufacturers suffer with the problem of 
standard indoor measurement and quoting the price per watt of the bifacial PV 




manufacturers report the front side
6
 monofacial electrical parameters under 
STC and tabulate the electrical parameters assuming additional current as a 
percentage of front side current [100, 101]. Also, some module manufacturers 
report bifacial performance as linear addition of front and rear side power for 
different rear side irradiance conditions [102]. All these methods of reporting 
bifacial PV modules do not provide the real bifacial performance considering 
bifacial illumination. Also, since PV module efficiency/power does not vary 
linearly with the irradiance, the nonlinear behaviour of PV modules with 
irradiance should be taken into account when estimating the bifacial 
performance. 
To measure the bifacial performance of bifacial PV modules, a similar 
measurement setup as presented by Ohtsuka et al. and Elder et al. can be used, 
as discussed in Chapter 4 [104, 126]. A similar concept was recently suggested 
by Axel Metz to measure a bifacial PV module using two light sources 
simultaneously, with the front side measured at one Sun and the rear side at a 
low irradiance of 200 W/m
2 
[35]. Obviously, due to the resource and time 
utilisation (to measure for all irradiance combinations on front and rear side) 
and complexity of the measurement setups, it is not a practical approach for 
the module manufacturers to measure the bifacial module with such setups. 
This Chapter focuses on the electrical characterisation of bifacial PV 
modules for bifacial illumination conditions. A new method to characterise 
bifacial PV modules for simultaneous bifacial illumination is presented which 
is published in Ref. [133]. The method requires only a standard monofacial 
                                                          
6
 In general, the front side of the bifacial PV module is the side with higher current response 
(i.e. higher Isc). This convention is used throughout the thesis. If, the bifacial module has truly 




indoor measurement setup to measure the front and rear sides of the module 
separately under STC, as described in Chapter 3. 
 
5.2 I-V characterisation of bifacial modules: The method 
To estimate and characterise the I-V parameters of a bifacial module 
under bifacial illumination, the term irradiance factor defined in the previous 
Chapter is rewritten below: 
𝑥 = 𝐺𝑟/𝐺𝑓 , (5.1) 
where 𝐺𝑓 is the irradiance on the front side and 𝐺𝑟 is the irradiance on the rear 
side of the bifacial PV module. Note that irradiance factor is related to - but 
not exactly the same as - albedo. Albedo is defined as the fraction of solar 
irradiance reflected from the ground, whereas irradiance factor is the ratio of 
rear and front side irradiance in the module plane. 
Now, to define the equivalent performance of a bifacial module under 
bifacial illumination, it can be assumed that the  𝐼𝑠𝑐 of the bifacial module 
varies linearly with the front and rear irradiance, and a bifacial module can be 
considered as a standard monofacial module operating at a current which is 
equal to the sum of the current generated from both sides of the module, i.e. 
once the carriers have been generated, it makes no difference to the module 
from which side the light entered the module [104, 129]. As the irradiance 
conditions on the front and rear sides of the bifacial module change, the 




also change. Power and efficiency of bifacial modules under bifacial 
illumination can be defined as follows: 





where 𝑎𝑚𝑜𝑑𝑢𝑙𝑒 is the module area (front surface only) and 𝐼𝑠𝑐−𝑏𝑖, 𝑉𝑜𝑐−𝑏𝑖 , 𝐹𝐹𝑏𝑖,  
𝜂𝑏𝑖 𝑎𝑛𝑑 𝑃𝑏𝑖  are the electrical parameters of bifacial module corresponding to 
bifacial illumination. Equations (5.2) and (5.3) are generic, and bifacial 
module performance can be estimated for all possible simultaneous irradiance 
conditions on the front and rear side of the module, encountered in the real-
world. 
In order to know the bifacial efficiency (𝜂𝑏𝑖), the calculation of the 
bifacial parameters (𝐼𝑠𝑐−𝑏𝑖,  𝑉𝑜𝑐−𝑏𝑖  and 𝐹𝐹𝑏𝑖) in Equation (5.3) is required for 
bifacial illumination. To calculate the bifacial electrical parameters (𝐼𝑠𝑐−𝑏𝑖,
𝑉𝑜𝑐−𝑏𝑖, 𝐹𝐹𝑏𝑖 and 𝜂𝑏𝑖), only standard monofacial indoor measurements are 
required as described in the following sections. 
5.2.1 Monofacial indoor measurements of bifacial modules 
To characterise both, the front and the rear sides of a bifacial module, it 
should be separately measured from each side. A standard monofacial indoor 
measurement setup can be used to separately measure the I-V characteristics 
of the front and rear sides of the module under STC, as described in Chapter 3. 
During these measurements, it is important to cover the opposite side (i.e., the 
non-illuminated side) with a black cover, to ensure that no stray light (for 




module. In practice, due to the non-zero reflectance of the black cover for the 
300-1200 nm wavelength range, the light entering to the cell-gap area and the 
light passing through the module active area is reflected back at the rear side 
cover which affects the module current measurement. Thus for measuring I-V 
characteristics of a bifacial module, one should ensure that a black cover with 
extremely low reflectance is used, especially when measuring the rear side I-V 
characteristics of the module. From the monofacial front and rear side I-V 
measurements, the bifacial parameters can be calculated as described in the 
subsequent sections. 
5.2.2 Calculation of 𝑰𝒔𝒄−𝒃𝒊 
With the assumption of linear current response under varying irradiance 
conditions, the resultant module current can be calculated under bifacial 
illumination. When a bifacial PV module is illuminated with a front-side 
irradiance of 𝐺𝑓 and a rear-side irradiance of 𝐺𝑟 = 𝑥𝐺𝑓, the total short-circuit 
current will simply be the sum of the two currents: 
𝐼𝑠𝑐−𝑏𝑖 = 𝐼𝑠𝑐−𝑓 + 𝑥𝐼𝑠𝑐−𝑟  = ℛ𝐼𝑠𝑐  𝐼𝑠𝑐−𝑓 , (5.4) 
where ℛ𝐼𝑠𝑐 is the gain in short-circuit current of module relative to monofacial 
front-side only illumination and given by  
ℛ𝐼𝑠𝑐 =  
𝐼𝑠𝑐−𝑓 + 𝑥𝐼𝑠𝑐−𝑟
𝐼𝑠𝑐−𝑓




The 𝐼𝑠𝑐−𝑓 and 𝐼𝑠𝑐−𝑟 are both measured under STC conditions, assuming 




bifacial module current increases under bifacial illumination compared to 
monofacial front-only illumination. 
5.2.3  Calculation of 𝑽𝒐𝒄−𝒃𝒊 
Since a PV module is composed of a number of solar cells connected in 
series, it is reasonable to consider a PV module following the one-diode 
characteristics with lumped parameters describing the behaviour of the diode 
[134]. The one-diode model to describe the module I-V characteristics can be 
written as 
𝐼(𝑉) = 𝐼𝑠𝑐 − 𝐼0𝑚 [𝑒𝑥𝑝 (
𝑉 + 𝐼𝑅𝑠.𝑚𝑜𝑑
𝐾𝑚𝑉𝑇




where 𝐼0𝑚 and 𝐾𝑚 are the module parameters equivalent to the saturation 
current and the diode ideality factor in the one-diode model of a solar cell and 
𝑅𝑠.𝑚𝑜𝑑 and 𝑅𝑠ℎ.𝑚𝑜𝑑  are the lumped series resistance and shunt resistance of the 
module, respectively. For sufficiently high irradiance, the shunt leakage term 
in Equation (5.6) can be neglected, giving 
𝐼(𝑉) = 𝐼𝑠𝑐 − 𝐼0𝑚 [𝑒𝑥𝑝 (
𝑉 + 𝐼𝑅𝑠.𝑚𝑜𝑑
𝐾𝑚𝑉𝑇
) − 1]. (5.7) 
Writing the Equation (5.7) for open circuit condition of the module (i.e. 
I = 0), we obtain 
𝐼𝑠𝑐 = 𝐼0𝑚 [𝑒𝑥𝑝 (
𝑉𝑜𝑐
𝐾𝑚𝑉𝑇
) − 1]. (5.8) 
Equation (5.8) has two unknowns, 𝐼0𝑚 and 𝐾𝑚. Now, for front and rear 
side I-V measurements performed on the bifacial PV module, Equation (5.8) 




𝐼𝑠𝑐−𝑓 = 𝐼0𝑚 [𝑒𝑥𝑝 (
𝑉𝑜𝑐−𝑓
𝐾𝑚𝑉𝑇
) − 1], (5.9) 
𝐼𝑠𝑐−𝑟 = 𝐼0𝑚 [𝑒𝑥𝑝 (
𝑉𝑜𝑐−𝑟
𝐾𝑚𝑉𝑇
) − 1]. (5.10) 
Solving Equations (5.9) and (5.10) for the unknown parameter 𝐾𝑚 gives 









Similarly, Equation (5.12) can be written for the bifacial illumination. 
𝐼𝑠𝑐−𝑏𝑖 = 𝐼0𝑚 [𝑒𝑥𝑝 (
𝑉𝑜𝑐−𝑏𝑖
𝐾𝑚𝑉𝑇
) − 1]. (5.12) 
Now using Equations (5.9), (5.11) and (5.12), 𝑉𝑜𝑐−𝑏𝑖 can be calculated 
as follows: 







Equation (5.13) provides the bifacial 𝑉𝑜𝑐 of the module for bifacial 
illumination, provided that monofacial measurements of the module’s I-V 
curves under front-side only and rear-side only illumination conditions are 
available. 
5.2.4 Calculation of 𝑭𝑭𝒃𝒊 
PV modules have finite series resistance arising from the resistance of 
solar cells, resistance of ribbons for cell interconnection, contact resistance, 
and other resistive effects. It is well known that series resistance causes 




devices reduces with an increase in the resistive loss. The resistive power loss 
is proportional to the square of the current. Hence the resistive loss in a 
bifacial module under bifacial illumination is expected to be higher than those 
of front-side only illumination. Thus, there will be a net reduction in the FF of 
the bifacial PV module when illuminated from both sides compared to single-
sided illumination. 
Similar to the method described in the previous chapter for bifacial solar 
cells, the relative resistive loss in a module was calculated using two different 
approaches [127].  Then, the bifacial FF (FFbi) for a bifacial module was 
calculated by equating the relative resistive loss calculated using the two 
different approaches. The first approach uses Ohm’s law to calculate the 
relative resistive losses. The second approach considers the change in the 
module FF due to the additional rear-side irradiance. 
In the first approach, the resistive loss (due to series resistance) for a 
bifacial module with series resistance 𝑅𝑠.𝑚𝑜𝑑, is given by 
𝑃𝑅𝑠 = 𝐼
2𝑅𝑠.𝑚𝑜𝑑 , (5.14) 
where 𝐼 is the module operating current. Using this relation, the additional 
resistive loss due to the bifacial operation of the module can be calculated. 
From Equation (5.4), the module current with bifacial illumination increases 
by a factor equal to the current gain (ℛ𝐼𝑠𝑐). Thus, the relative increase in 





















which can be simplified to 
𝑃𝑅𝑠
′ = ℛ𝐼𝑠𝑐
2 − 1. (5.16) 
For simplification, it was assumed that the module operating current 
changes in a similar way with irradiance as the short-circuit current does. This 
assumption is valid for PV modules with reasonably good FF (> 75%). The 
validity of this assumption was checked by performing PV module simulation 
with the circuit simulation software LTSpice. 
The second approach considers the change in power loss and hence 
module FF because of the change in module operating current. If 𝑝𝐹𝐹 is the 
pseudo FF of the module considering no series resistance loss, then the power 
loss due to the series resistance for the front side, rear side, and bifacial 
illumination can be written respectively as follows: 
𝑃𝑅𝑠−𝑓 = (𝑝𝐹𝐹 − 𝐹𝐹𝑓)𝑉𝑜𝑐−𝑓𝐼𝑠𝑐−𝑓  (5.17) 
𝑃𝑅𝑠−𝑟 = (𝑝𝐹𝐹 − 𝐹𝐹𝑟)𝑉𝑜𝑐−𝑟𝐼𝑠𝑐−𝑟  (5.18) 
𝑃𝑅𝑠−𝑏𝑖 = (𝑝𝐹𝐹 − 𝐹𝐹𝑏𝑖)𝑉𝑜𝑐−𝑏𝑖𝐼𝑠𝑐−𝑏𝑖  (5.19) 
where 𝑃𝑅𝑠−𝑓 ,  𝑃𝑅𝑠−𝑟 𝑎𝑛𝑑 𝑃𝑅𝑠−𝑏𝑖  are the resistive losses due to the front, rear, 
and bifacial illuminations, respectively. Here, the 𝑝𝐹𝐹 is assumed to remain 
the same for the change in irradiance under consideration. The relative 
increase in loss under bifacial illumination with respect to the front-side only 
illumination can then be written as  
𝑃𝑅𝑠
′ =
(𝑝𝐹𝐹 − 𝐹𝐹𝑏𝑖)𝑉𝑜𝑐−𝑏𝑖𝐼𝑠𝑐−𝑏𝑖  − (𝑝𝐹𝐹 − 𝐹𝐹𝑓)𝑉𝑜𝑐−𝑓𝐼𝑠𝑐−𝑓  





Equating the relative resistive loss in Equations (5.16) and (5.20) from 
both approaches, one gets: 
ℛ𝐼𝑠𝑐
2 − 1 =
(𝑝𝐹𝐹 − 𝐹𝐹𝑏𝑖)𝑉𝑜𝑐−𝑏𝑖𝐼𝑠𝑐−𝑏𝑖  − (𝑝𝐹𝐹 − 𝐹𝐹𝑓)𝑉𝑜𝑐−𝑓𝐼𝑠𝑐−𝑓  
(𝑝𝐹𝐹 − 𝐹𝐹𝑓)𝑉𝑜𝑐−𝑓𝐼𝑠𝑐−𝑓 
. (5.21) 
Equation (5.21) has two unknowns 𝑝𝐹𝐹 𝑎𝑛𝑑 𝐹𝐹𝑏𝑖. The 𝑝𝐹𝐹 of the 
module can be calculated using the front and rear I-V parameters measured 








(𝑝𝐹𝐹 − 𝐹𝐹𝑟)𝑉𝑜𝑐−𝑟𝐼𝑠𝑐−𝑟  − (𝑝𝐹𝐹 − 𝐹𝐹𝑓)𝑉𝑜𝑐−𝑓𝐼𝑠𝑐−𝑓  
(𝑝𝐹𝐹 − 𝐹𝐹𝑓)𝑉𝑜𝑐−𝑓𝐼𝑠𝑐−𝑓 
. (5.22) 














Inserting this result into Equation (5.21) gives 
𝐹𝐹𝑏𝑖 = 𝑝𝐹𝐹 − ℛ𝐼𝑠𝑐
𝑉𝑜𝑐−𝑓
𝑉𝑜𝑐−𝑏𝑖
(𝑝𝐹𝐹 − 𝐹𝐹𝑓) (5.24) 
Equation (5.24) gives the bifacial FF under bifacial illumination, for the 
case of the known front-only and rear-only illumination of the bifacial PV 
module. 
Now, with the calculation of  𝑉𝑜𝑐−𝑏𝑖, 𝐼𝑠𝑐−𝑏𝑖 and 𝐹𝐹𝑏𝑖 for the bifacial PV 
module, the module power and efficiency under the bifacial illumination can 
be calculated using Equations (5.2) and (5.3). It is emphasised that this method 
of calculating the bifacial parameters of the bifacial module requires only 




5.3 Indoor bifacial module measurements and charac-
terisation 
To characterise a bifacial PV module for bifacial illumination with 
indoor measurements, a commercially available large-size silicon wafer based 
bifacial PV module was chosen. The module consists of 96 silicon wafer solar 
cells with an area of 110 cm
2
 each. The measurements on this module were 
performed at SERIS, using a flash type solar simulator (SunSim3b LS, Pasan) 
as described in Chapter 3. As explained earlier, while measuring one side of 
the module, the other side was covered with a black cloth
7
 to ensure that no 
stray light could enter the module. The front-side I-V curve of the bifacial 
module was measured under STC. Its rear-side I-V curve was measured under 
a low irradiance of 200 W/m
2
 (and a module temperature of 25ºC), since in 
real-world outdoor conditions the rear side of the bifacial module is generally 
under lower irradiance conditions. Table 5.1 shows the measured electrical 
parameters and the measurement conditions for the selected bifacial PV 
module. 
Table 5.1 Measured front and rear side electrical parameters of the commercial 
silicon wafer based bifacial PV module. 
Measurement type 𝐼𝑠𝑐  (A) 𝑉𝑜𝑐 (V) 𝐹𝐹  (%) Power (W)  (%) 
Front side under STC 3.68 67.37 72.86 180.7 14.9 
Rear side at irradiance 
of 200 W/m
2
 and 25 ºC 
module temperature  
0.62 59.92 78.86 29.5 12.2 
                                                          
7
The measured weighted average reflectance (corresponding to AM1.5) for the black cloth 
was 3.5%. There could be some error introduced in the short-circuit current measurements 
which is mainly due to 1) Light transmitted through the bifacial cell/module in the near-IR 
region of the solar spectrum and 2) Light transmitted through the cell-gap region. For 
commercially available bifacial modules with a standard cell gap, this error was minimal 




5.3.1 Comparison of simulated and measured I-V parameters 
To demonstrate the method for bifacial parameter extraction, the I-V 
parameters obtained with the numerical simulation method were compared 
with I-V parameters measured in an indoor environment. It would, of course, 
be ideal to measure the bifacial module under bifacial illumination conditions. 
However, because of the unavailability of such a solar simulator, the measure-
ments on bifacial modules were performed under five different front-side only 
and five different rear-side only illumination conditions, as shown by the 
symbols in Figures 5.1 and 5.2. The simulated results, which are based on the 
measurements of Table 5.1, are also shown in Figures 5.1 and 5.2 (solid lines). 
 
Figure 5.1 Measured I-V parameters (symbols) of the bifacial module, for single-
sided illumination from front and rear as described in Table 5.1. (a) Voc, (b) Isc, 
(c) FF, and (d) efficiency. Also shown (solid lines) are the simulated results 
calculated from the two measurements indicated by the solid symbols. 












































































































































Figure 5.2 Measured and simulated power of the bifacial module for the front and 
rear side illumination (single-sided illumination). The simulations are performed 
using the two measurements indicated by the solid symbols. 
 
As can be seen, all simulated parameters are in good agreement with the 
measured ones. The difference between the simulated and measured 𝑉𝑜𝑐 is less 
than 0.2%, for the efficiency it is less than 0.1% (absolute). At high irradiance, 
the simulated FF is slightly lower than the measured FF, whereby the 
maximum deviation is approximately 1% (relative). As discussed in previous 
sections, certain assumptions were made to simplify the model. It was 
assumed that the operating current of the module varies in same fashion as the 
module 𝐼𝑠𝑐 . However for the modules with low FF (high series resistance), 
this assumption will slightly overestimate the module operating current, and 
hence the resistive losses, especially for high irradiance conditions as 
described by Equation (5.24). In turn, the simulated FF will be lower for high 
irradiance conditions. For the investigated module, the measured FF under 
STC (front side) was 72.9%, which is a fairly low value for present-day 
modules. 





































The results shown in Figures 5.1 and 5.2 confirm the effectiveness of the 
proposed method for predicting the module performance at various intensity 
levels on the front and rear sides, for single-sided illumination. 
5.3.2 Bifacial module characterisation for bifacial illumination 
To characterise the investigated bifacial PV module under bifacial 
illumination, the module was measured under monofacial indoor conditions as 
explained in the previous section. Then the simulated bifacial parameters were 
calculated using the method discussed in section 5.2. Figures 5.3 - 5.6 show 
the variation of numerically simulated bifacial I-V parameters for the bifacial 
module. To predict the module behaviour under varying irradiance conditions 
for the front and rear sides, characteristic curves are plotted for front side 
irradiance varying from 100 to 1100 W/m
2
, with the irradiance factor varying 
from 0 to 0.6. These plots cover most of the irradiance conditions which 
would be encountered outdoors throughout the day. From Figure 5.3 it can be 
observed that the variation in bifacial Voc of the module with irradiance is 
similar in fashion for different rear to front side illuminations. As expected, 
the bifacial Voc is higher for higher front and rear side irradiance conditions. 
The bifacial FF changes with the module irradiance conditions due to change 
in resistive losses as shown in Figure 5.4. With the increase in front and rear 
side irradiance, the bifacial FF decreases in a nonlinear fashion. Thus, to 
ensure good bifacial performance, a bifacial PV module with good bifaciality 
(i.e., similar current response from front and rear side) and operating under 






Figure 5.3 Simulated  𝑉𝑜𝑐 of the bifacial module for bifacial illumination. 
 
 
Figure 5.4 Simulated FF of the bifacial module for bifacial illumination. 
 
One of the most important characteristic curves is the bifacial efficiency 
plot. Figure 5.5 shows that for relatively low irradiance, the bifacial efficiency 
is low because of the change in major loss mechanism under low light 
conditions (low light behaviour of PV modules) [135]. 
























































































Figure 5.5 Simulated efficiency of the bifacial module for bifacial illumination. 
 
As can be seen from Figure 5.5, the bifacial efficiency shows a broad 
peak at intermediate irradiances, whereby the peak positions shift to lower 
front side irradiances for increasing 𝐺𝑟/𝐺𝑓 ratios. This behaviour is expected 
because the module resistive loss is caused by the total current response from 
the front and rear side of the module. The maxima in the bifacial efficiency 
plot can be used to optimise a bifacial module for a particular location (front 
side irradiance) and installation condition (rear side irradiance). The plot for 
power under bifacial illumination is shown in Figure 5.6. It can be used to 
determine the module power under varying irradiance conditions throughout 
the day. One more interesting plot is the power gain for various 𝐺𝑟/𝐺𝑓 ratios, 
as shown in Figure 5.7. The solid lines (pink, green and blue) in Figure 5.7 
correspond to the ideal situation when the power gain due to additional rear 
side irradiance is equal to the rear-to-front side irradiance ratios (𝐺𝑟/𝐺𝑓). From 
this plot it is easy and straight-forward to estimate the power gain potential of 
a bifacial module as compared to a monofacial module of the same technology 
for a particular installation. 



















































Figure 5.6 Simulated power of the bifacial module for bifacial illumination. 
 
 
Figure 5.7 Simulated power gain from a bifacial module as compared to the mono-
facial module of similar type. 
 
The bifacial module performance and energy yield (for known 
temperature behaviour) for a particular installation and irradiance condition 
can be estimated using these characteristic plots. If we fix the 𝐺𝑟/𝐺𝑓 ratio for a 



















































































certain installation, it is easy to compare bifacial PV modules with different 




The method proposed in this work provides the bifacial performance of 
a bifacial PV module without actually measuring it under bifacial illumination 
conditions. A bifacial PV module is a complex device, and hence certain 
assumptions are necessary to simplify the corresponding one-diode model. 
However, using a silicon wafer based bifacial module, it was shown that these 
assumptions do not significantly affect the results and that the module’s 
simulated output power agrees to within 1% of the measured power. The 
measurement of bifacial modules for bifacial performance is time consuming 
and requires additional resources. The presented method addresses these issues 
and formulates a model to predict the bifacial performance of bifacial modules 
using standard monofacial indoor measurements, similar to those used for 
monofacial modules. The measurements can be performed in an industrial 
environment using a solar simulator that is routinely used for monofacial 
modules. However, one should ensure that while measuring one side of the 
module, the other side (non-illuminated side) is covered with a black cover 
(with zero or extremely low reflectance). The presented method can be useful 
in standardising the bifacial module I-V characterisation via the inclusion of 





CHAPTER 6 - INVESTIGATION OF PV 
MODULE STRUCTURES WITH 




Bifacial solar cells can be encapsulated in a module with either a 
glass/glass or a glass/backsheet structure. However, due to its bifacial nature, 
this cell type behaves differently in these different module structures. Both 
these module structures offer certain advantages and disadvantages when used 
with bifacial solar cells. The glass/glass module structure using bifacial solar 
cells, commonly known as a bifacial module, can effectively increase the 
energy yield as compared to a monofacial module by utilising the albedo 
(scattered light from ground and surroundings) which hits the rear side of the 
module when operating in real-world outdoor conditions [20, 21, 136]. 
However, this advantage is not captured under STC measurements due to a 
lack of suitable measurement standards. Most module manufacturers measure 
bifacial glass/ glass modules using only front-side illumination whilst covering 
the rear side with a non-reflecting cover, and price them accordingly [100, 
102]. On the other hand, PV modules with glass/backsheet structure can 
provide an increase in the module current and power as compared to the 




current for glass/backsheet modules compared to glass/glass modules is due to 
two distinct effects: 1) bifacial cell transmittance for longer wavelengths and 
subsequent backscattering at the backsheet; 2) backsheet scattering in the cell-
gap region and subsequent reflection at the glass-air interface [117, 137]. 
Figure 6.1 shows these effects in a glass/backsheet module. Nevertheless, 
these modules cannot take advantage of the rear side albedo effect in outdoor 
conditions. Due to the above-mentioned reasons, some module manufacturers 
use glass/glass, while others use the glass/backsheet structure, depending on 
the applications and benefits [46, 100, 102]. 
The effect on module current of the two different module structures with 
bifacial solar cells should be quantified and clearly understood. This will 
enable module manufacturers to determine which module structure is suitable 
for them. While extensive studies have been done on the encapsulation effects 
in PV modules for conventional monofacial cells [138-143], detailed 
quantitative analysis and comparison of glass/glass and glass/backsheet 
module structures for bifacial cells is not available. 
 
 
Figure 6.1 Schematic sketch (not to scale) showing various light paths in a glass/ 










This Chapter provides a detailed quantitative analysis of the effects on 
the current of different module structures fabricated with bifacial solar cells. 
The current gain in glass/backsheet modules as compared to glass/glass 
modules under STC is calculated by a combination of experimental and 
simulation study. Furthermore, considering the current gain in glass/backsheet 
modules, a methodology is proposed to measure and rate the bifacial glass/ 
glass modules under STC which compensates for the difference. Such a 
measurement methodology will be required if bifacial PV modules are to see 
widespread adoption among module manufacturers. 
 
6.2 Quantifying the effects of different module structures on 
module current 
As described above, bifacial solar cells can be fabricated into modules 
with both glass/glass and glass/backsheet structures. The front side of both 
these module structures is the same, however the rear-side structure of the 
modules has a direct impact on the module current when bifacial solar cells 
are used. This is due to two distinct effects: 
1. Transmittance of longer-wavelength light through the bifacial solar 
cell, and subsequent backscattering at the backsheet 
2. Static concentration effect of light incident on the cell-gap region of 
the module 
To study these effects and analyse the performance of bifacial solar cells 
in glass/glass and glass/backsheet module structures, a combination of 




6.2.1 Effect of bifacial cell transmittance on module current  
A significant amount of long-wavelength irradiance passes through 
bifacial solar cells [117]. The transmitted light leaves the bifacial solar cell at a 
range of different angles, depending on the light management strategies (e.g. 
surface texturing and antireflection coatings) used in the cell. The light trans-
mitted though the bifacial cell in a module will be affected by the module 
structure in which the cell is encapsulated. To study the bifacial cell trans-
mission behaviour and associated current contribution in different module 
structures, three different types of single-cell mini-modules were fabricated as 
given in Table 6.1. Three samples for each of the three module types were 
fabricated. Figure 6.2 shows the schematics of the different types of mini-
module structures and some of the possible light paths in different module 
materials. The three groups differ in their rear-side configuration and have 
similar configuration and materials for the front side, so that front-side effects 
can be neglected. Since the rear side of the module in group (b) is same as that 
of a bare bifacial solar cell, this structure is chosen as the reference and the 
other two structures are compared against it. 
 
Table 6.1 Structures of the samples fabricated for cell transmittance measurements. 
Group Short name Full structure No. of samples 
a glass/cell/glass glass/EVA/cell/EVA/glass 3 
b glass/cell glass/EVA/cell 3 





Figure 6.2 Schematics of module structures (not to scale) (a) glass/cell/glass, 
(b) glass/cell, (c) glass/cell/backsheet. 
 
To determine the light absorbed by the cells encapsulated in the different 
structures, the reflectance and the transmittance of each group of samples were 
measured with a spectrophotometer (Cary 7000 UMS, Agilent), as explained 
in Chapter 3. During the measurements of reflectance, a black cloth cover was 
used to absorb any light transmitted though the samples. Figure 6.3 shows the 
averaged reflectance and transmittance in the long-wavelength region of the 
usable solar spectrum.  
 
 
Figure 6.3 Measured (a) reflectance and (b) transmittance for glass/cell/glass, 
glass/cell, and glass/cell/backsheet structures in the long-wavelength region of the 







































































In order to calculate the light absorbed in the bifacial solar cells in the 
three different module structures, a few simplifying assumptions are needed 
with reference to Figure 6.2. Since only long-wavelength light passes through 
the bifacial solar cells, we can assume that absorption in the rear-side encap-
sulant (and glass) is negligible [144]. Also, the absorptance of the backsheet 
(calculated from reflectance and transmittance measurements of a single back-
sheet layer) in the long-wavelength region is insignificant. For simplification, 
only two passes of the long-wavelength light through the cells are considered 
i.e. from front to back, and then from back to front. 
Thus, Equations (6.1), (6.2) and (6.3) can be written for the module 





















+ 𝐴𝑔𝑙𝑎𝑠𝑠/𝐸𝑉𝐴 = 1, (6.3) 
where 𝑅𝑚𝑜𝑑 and  𝑇𝑚𝑜𝑑 are the measured reflectance and transmittance of the 
module samples with different structures, 𝐴𝑐𝑒𝑙𝑙 is the absorptance of the cell in 
the corresponding module structure, and 𝐴𝑔𝑙𝑎𝑠𝑠/𝐸𝑉𝐴 is the absorptance in the 
front-side glass and EVA layers. 
Since the three groups of modules have the same material and structure 
on the front side, the absorption in front-side glass and EVA will be the same 
for all the samples and the difference in reflectance and transmittance will 
only be due to the difference in rear-side structure. The absorption in the 




wavelength region of spectrum can be calculated using Equations (6.1), (6.2) 
and (6.3), see Figure 6.4. 
The gain or loss in short-circuit current due to the different rear-side 
structures can be calculated using the difference in light absorbed in the 
bifacial cells and the internal quantum efficiency (IQE) of the cells as 
measured under rear-side illumination. The IQE of the bifacial solar cells can 
be calculated using the measured rear-side reflectance, transmittance and 











Figure 6.4 Light absorptance for various module structures and cell IQE (rear side). 
 
Now, using 𝐸𝑄𝐸𝑐𝑒𝑙𝑙
𝑟 , the AM1.5G photon flux, and the light absorbed in 
the cells in each module structure, the relative current gain or loss for the 










































glass/glass structure as compared to the reference structure can be calculated 
as 
𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑔𝑎𝑖𝑛 𝑜𝑟 𝑙𝑜𝑠𝑠 =
∫ 𝐼𝑄𝐸𝑐𝑒𝑙𝑙
𝑟 (𝜆)[𝐴𝑐𝑒𝑙𝑙
(𝑎) (𝜆) − 𝐴𝑐𝑒𝑙𝑙
(𝑏) (𝜆)] 𝛷𝑝ℎ.𝐴𝑀1.5(𝜆) 𝑑𝜆
∫ 𝐸𝑄𝐸𝑚𝑜𝑑
𝑓 (𝜆) 𝛷𝑝ℎ.𝐴𝑀1.5 (𝜆)𝑑𝜆
, (6.5) 
where 𝐸𝑄𝐸𝑚𝑜𝑑
𝑓 (𝜆) is the external quantum efficiency of the reference module, 
as measured from the front side. Similar calculations can be made for the 
glass/backsheet structure. Figure 6.5 shows the relative change in short-circuit 
current for the glass/glass and glass/backsheet modules with respect to the 
reference (glass/cell) structure. It is interesting to see that the glass/glass 
structure shows a loss of ~0.45 % in current as compared to no encapsulation 
on the rear side of the cell. 
 
 











































This current loss is due to the fact that in the glass/glass structure, the 
light transmittance is higher as compared to the one with no encapsulation on 
the rear side, as shown in Figure 6.3(b). A possible reason for the higher 
transmittance in glass/glass structure is that more light is coupled out of the 
rear side because of the layers of intermediate refractive indices. This loss can 
be recovered if a reflective backsheet is used in place of transparent glass, as 
can be seen from Figure 6.5. In the case of a backsheet on the rear side, most 
of the light transmitted through the cell will be reflected back by the backsheet 
and a significant part of the reflected light will be absorbed by the bifacial 
solar cell on the second pass. Figure 6.5 shows an increase of ~0.87 % due to 
the backsheet effect, as compared to the reference structure. In total, the 
module current for the glass/backsheet structure is approximately 1.3% higher 
than for the glass/glass structure. 
6.2.2 Effect of cell-gap region on module current 
For a glass/glass module, under STC measurements, the light incident in 
the cell-gap regions passes straight through the module; hence these regions 
do not contribute to the module current. Thus, the current gain due to the cell-
gap region needs to be calculated for the glass/backsheet modules only. In a 
glass/backsheet module, the light incident onto the gap between the solar cells 
is scattered back at different angles due to the backsheet scattering and 
reflection properties. A significant amount of this light can be totally internally 
reflected at the front-side glass/air interface and redirected to the front side of 
the bifacial solar cells. In addition to this, a fraction of the light scattered from 




The gain in module current due to the backsheet is mainly influenced by 
three factors: (1) the geometry of the backsheet area (cell-gap region), (2) the 
spectral reflective property of the backsheet, and (3) the angular back-
scattering property of the backsheet [145]. To analyse and quantify the current 
contribution due to the backsheet in the cell-gap region, a MATLAB-based 
numerical model was set up. Using this model, the current gain from the front 
and the rear sides of the bifacial solar cells in the glass/backsheet module can 
be estimated. The model was implemented with the following assumptions: 
 The refractive indices of the glass and EVA are equal (n = 1.5). 
 The thickness of the solar cell is ignored. 
 The quantum efficiency of the bifacial solar cell is independent of the 
incident angle of the irradiance. 
In order to estimate the amount of additional light incident on the 
bifacial solar cell due to backsheet scattering, backsheet reflectance and 
angular backscattering measurements were performed on a single layer of 
backsheet in air with a spectrophotometer (Cary 7000 UMS, Agilent). The 
weighted average reflectance of the backsheet (𝑊𝐴𝑅𝑏𝑠) was calculated using 
the AM1.5G spectrum [146]. The backscattering properties of the backsheet 
are quantified by measuring the angular dependent backscattering luminous 
intensity. The angular distribution is calculated by dividing the light intensity 
at a particular angle by the largest measured light intensity. Figure 6.6 shows 
the measured reflectance and normalized angular dependent intensity for the 
backsheet under consideration. The angular dependent intensity was measured 
for the wavelength 632 nm and chosen to be representative of the scattering 





Figure 6.6 Measured (a) reflectance and (b) normalized angular backscattering 
luminous intensity of the backsheet (at 632 nm wavelength). 
 
In the optical model, the cell-gap region of the backsheet is divided into 
unit elements, each with an area of 0.1 mm × 0.1 mm. The unit element 
scatters light into 3600 outgoing rays with a uniform separation of 6° azimuth 
angle and 3° polar angle. Then, each ray was traced until it reaches a solar cell 
or is transmitted through the front glass surface. Only two bounces from the 
backsheet were considered before reaching the solar cell, because after the two 
bounces, the ray’s contribution to the irradiance on the cell becomes 
negligible. If Фp is the power of the incident light per unit area of cell or back-
sheet, the irradiance at a certain direction (𝜃), after reflection from the back-
sheet, can be calculated as 
𝑆(𝜃) = 𝑎𝑢𝑒Ф𝑝𝑊𝐴𝑅𝑏𝑠
𝑆𝑛(𝜃)
∬ 𝑆𝑛(𝜃) 𝑠𝑖𝑛(𝜃) 𝑑𝜑𝑑𝜃
. (6.6) 
Here 𝑎𝑢𝑒 is the area of unit element on the backsheet, 𝜃 is the angle between 
the scattered ray direction and the surface normal (polar angle), 𝜑 is the 
azimuthal angle in the spherical coordinate system and 𝑆n(𝜃) is the 
normalised reflected radiant intensity. 𝑆n(𝜃) is obtained by normalising the 






























































measured signal at a certain angle to the largest measured signal value.  Figure 
6.7 shows the pathways of such rays scattered inside the module considering 
that they can reach either the front or rear side of the cell. 
If the incident light hits the backsheet at a position (x1, y1, 0), the 
position (x2, y2, t) where the reflected ray reaches the rear side of the cell is 
calculated by Equation (6.7) (see also Figure 6.7(a)). 
𝑥2 = 𝑥1 + 𝑡 𝑡𝑎𝑛(𝜃) 𝑐𝑜𝑠(𝜑) 
𝑦2 = 𝑦1 + 𝑡 𝑡𝑎𝑛(𝜃) 𝑠𝑖𝑛(𝜑) 
(6.7) 
Here, t is the thickness of a single layer of transparent encapsulant (EVA), as 
shown in Figure 6.7. In these simulations, t = 0.4 mm was used. Now, if the 
(x, y) dimensions of the cell-gap region of the backsheet range from position 
(p1, q1) to (p2, q2), the irradiance reflected from the backsheet and incident on 
the rear side of the cell can be calculated as 












Figure 6.7 Sketch of light paths describing the light which is scattered from the 
backsheet in the cell-gap region, reaching (a) the rear side and (b) the front side of the 













































where 𝑆(𝜃) is the irradiance at a direction (𝜃) calculated earlier in Equation 
(6.6). Here, the test function 𝑇1(𝑥2, 𝑦2) = 1 if (𝑥2, 𝑦2) locates within the cell 
area, otherwise 𝑇1(𝑥2, 𝑦2) = 0. 
If the position (x2, y2, t) does not lie on the cell and the incident angle of 
the ray at the front glass/air interface is greater than the critical angle of total 
internal reflection, then the ray is totally internally reflected as shown in 
Figure 6.7(b). The position (x3, y3, t) where the reflected ray reaches the front 
side of the cell is calculated by Equation (6.9). If the incident angle at the 
glass/air interface is smaller than the critical angle, the reflectance and trans-
mittance depend on the incident angle, and are calculated with the Fresnel 
equations.  
𝑥3 = 𝑥1 + (2𝑑 + 3𝑡) 𝑡𝑎𝑛(𝜃) 𝑐𝑜𝑠(𝜑)  
𝑦3 = 𝑦1 + (2𝑑 + 3𝑡) 𝑡𝑎𝑛(𝜃) 𝑠𝑖𝑛(𝜑)  
(6.9) 
Similar to the rear side, the light scattered from the backsheet in the cell-
gap area and hitting the front side of the cell can be calculated as 










Here, 𝛼 is the critical angle for the glass/air interface (41.8°) and the test func-
tion 𝑇2(𝑥3, 𝑦3) = 1 if (x3, y3) locates on the cell area, otherwise 𝑇2(𝑥3, 𝑦3) = 0.  
Now, if 𝐼𝑠𝑐−𝑓  𝑎𝑛𝑑 𝐼𝑠𝑐−𝑟   are the front and rear-side short-circuit currents of 
the bifacial solar cell, the relative increase in the module short-circuit current 
due to the cell-gap region of the backsheet (𝐼𝑠𝑐.𝑔𝑎𝑖𝑛












Figure 6.8 shows the relative gain in module current as a function of the 
cell-gap. It can be seen that the current gain due to the rear side saturates 
beyond a cell-gap of ~2 mm. This is because the distance of the solar cell from 
the backsheet is small (thickness of the encapsulation layer, 0.4 mm in the 
present case). For the front side current gain, the slope of the current gain 
curve decreases with the cell-gap.  This is mainly due to the fact that for larger 
cell-gaps, the scattered light bounces several times off the backsheet before 
reaching the front side of solar cells, resulting in a small extra contribution to 
the module current. 
 
 
Figure 6.8 Simulated current gain in a glass/backsheet PV module due to the cell-gap 
region as compared to a glass/glass module structure. 


































6.2.3 Mini-module fabrication and experimental analysis 
To experimentally compare the behaviour of bifacial solar cells 
encapsulated in the two different module structures and to verify the 
simulation results described above, single-cell mini-modules were fabricated. 
Prior to encapsulation, all the bifacial solar cells were measured for short-
circuit current on a gold-plated chuck with a flash-type solar simulator as 
described in Chapter 3. Single-cell mini-modules were fabricated from the 
solar cells with different module structures as described in Table 6.2. 
Photographs of two fabricated mini-modules are shown in Figure 6.9. To 
mimic the cell-gap in the glass/backsheet mini-modules, a non-reflecting black 
sheet was encapsulated into the mini-modules in the plane of solar cell.  The 
short-circuit currents of the mini-modules were measured under STC with the 
same solar simulator that being used for the solar cell measurement. During 
each I-V measurement, the non-illuminated side of the mini-module was 
covered with a non-reflecting black cover so as to ensure that no stray light 
(for example due to reflections from the walls of the room or the measurement 
setup) could enter the module. 
Table 6.2 Details of the fabricated single-cell mini-module samples. To mimic the 
cell gap, a non-reflecting black sheet was encapsulated into the mini-modules in the 
plane of solar cell. 







glass/cell - 3 
𝐼𝑠𝑐−𝑓   of  the cell, 
before (on gold-
plated chuck) and 
after encap-
sulation (black 
cover on the rear 
side), under STC 
group 2 glass/cell/glass - 3 
group 3 glass/cell/backsheet 0 3 
group 4 glass/cell/backsheet 5 3 
group 5 glass/cell/backsheet 10 3 





Figure 6.9 Photographs of (a) glass/cell/backsheet (group 5) and (b) glass/cell/glass 
(group 2) mini-modules fabricated with bifacial solar cells. 
 
Since we are only interested in the rear-side encapsulation effect, the 
effects of the front side encapsulation and solar cell chuck reflectance can be 
eliminated by normalising the 𝐼𝑠𝑐 of mini-modules of groups 2, 3, 4, 5 and 6, 
using the reference samples of group 1 (glass/cell). We define an average 
value of normalisation factor (𝑁𝐹𝑟𝑒𝑓) using the samples of the reference 












where 𝐼𝑠𝑐.𝑐𝑒𝑙𝑙 and 𝐼𝑠𝑐.𝑚𝑜𝑑  are the short-circuit currents of the bifacial solar cell 
for group 1 (reference) samples measured before and after encapsulation, 
respectively. Next, the currents of module samples of groups 2, 3, 4, 5 and 6 











where 𝐼𝑠𝑐.𝑐𝑒𝑙𝑙 and 𝐼𝑠𝑐.𝑚𝑜𝑑 are the short-circuit currents of the bifacial solar cells 
(groups 2 - 6) measured before and after the encapsulation, respectively. The 
average values of normalised module currents for glass/backsheet and glass/ 
glass structures are compared for different cell-gaps, as shown in Figure 6.10. 
The current gain shown in Figure 6.10 for the glass/backsheet modules is due 
to the combined effect of the cell transmittance and the cell-gap region of the 
backsheet. The experimental results show the same pattern in current gain as 
obtained earlier with the simulation model. A small deviation as observed is 
probably due to the simplifying assumptions we made in the simulation, such 
as considering only two passes of the light through the solar cells. In the 
simulation, the reflection from the surrounding cells (a black sheet in present 
case) was assumed to be negligible and this could be a possible reason for the 
deviation in simulation and experimental values of module current. 
 
 
Figure 6.10 Normalised measured module current for glass/glass and glass/backsheet 
structures with varying cell gap. Also shown are the simulated results. 





































6.3 Comparison of glass/glass and glass/backsheet module 
structures 
The simulated and experimental results from the previous sections show 
that a glass/backsheet module provides more current than a glass/glass module 
under STC measurements and that the current gain of the glass/backsheet 
modules increase with cell-gap. In order to make a full and fair comparison 
between the glass/glass and glass/backsheet modules, the maximum possible 
benefit which can be obtained from the glass/backsheet module structure will 
be calculated. This maximum possible benefit of the glass/ backsheet module 
structure under STC can be compared to the performance benefits of 
glass/glass modules under real-world conditions. 
6.3.1 Maximum possible benefit from glass/backsheet module: Module 
optimisation 
The maximum possible benefit from the glass/backsheet module under 
STC measurement can be determined by optimising the cell gap for minimum 
$/Wp cost, taking into account the cost of the module components. For a PV 
module, it is reasonable to say that, with increasing cell-gap, the module 
material and the cost (other than solar cells) also increase. This suggests an 
optimum cell gap for which the module cost ($/Wp) is the minimum. For the 
cost analysis, the relative cost of module components for a standard large-size 
PV module is required. With information from a market survey, and the 
publically available information from module manufactures, the estimated 
relative cost contributions of the module components for a standard 60-cell PV 



















67.9 3.4 4.5 5.7 1.9 0.6 9.7 6.3 
 
Using Table 6.3, and assuming that the gap at the module edges needs to 
be maintained constant, we can calculate the relative increase in the quantity 
of the module component materials with an increase in the cell-gap. It can be 
assumed that the cost of EVA, backsheet and glass vary linearly with the area 
while the cost of ribbons and frame vary linearly with the length of the 
material used. These assumptions will allow us to calculate the relative 
increase in the glass/backsheet module cost for a particular cell-gap as 
compared to the standard glass/glass module with a 2-mm cell-gap. To 
simplify the calculations, it was assumed that the module power increases in 
the same proportion as the module current while increasing the gap. This is a 
reasonable assumption, since the gain in module power is only slightly lower 
than the gain in short-circuit current [133]. 
Figure 6.11 shows the relative change in power gain, total cost and $/Wp 
cost for glass/backsheet modules as a function of the cell gap, as compared to 
the standard glass/glass module structure. The change in $/W cost of the 
module has a minimum for an approximately 11 mm wide cell gap, with a net 
$/Wp cost reduction of 3.3% for the module materials under consideration. 
This “optimum” gap varies slightly, depending on the cell current responses 
(front and rear side), backsheet properties and relative cost contribution of the 
various module components. In the above analysis, it is worth mentioning that 






Figure 6.11 Relative change in power gain, total cost and $/Wp cost of glass/ 
backsheet modules with varying cell gap as compared to glass/glass modules. The 
analysis is with respect to STC measurements. 
 
6.3.2 Benefits of the glass/glass bifacial module structure 
As discussed earlier, the glass/glass module has potential to provide 
higher energy yield as compared to the glass/backsheet module in outdoor 
operating conditions. The energy gain of a bifacial glass/glass module over a 
monofacial module depends on a number of factors, including the installation 
configuration as well as the characteristics of the incident irradiance, since 
these factors affect the amount of light which can enter via the rear side of the 
module. A number of studies were performed and reported in the literature to 
estimate the potential of glass/glass bifacial PV modules [20, 21, 136]. 
Various simulation and experimental studies showed that without any special 
features or modifications in installation conditions, a performance gain in the 
range of 10-20% for bifacial modules compared to monofacial modules is 
easily achievable in outdoor conditions [20, 136, 149]. This energy gain could 


























































be even higher if optimum installation conditions are used. Thus, even though 
the glass/glass modules show less power compared to the glass/backsheet 
modules under STC, the outdoor energy generation potential of these modules 
is significantly higher. If the module installation conditions are favourable for 
rear-side albedo collection, a glass/glass module configuration is 
recommended because this structure allows the maximum utilisation of the 
albedo effect for current generation. 
 
6.4 Glass/glass bifacial module measurement under STC 
The measured STC power of the module is important since it decides the 
market price of the module. The analysis in the previous sections for the mini-
modules fabricated with bifacial solar cells shows that the STC rating (and 
thus the sellable power) of glass/glass modules suffers as compared to the 
glass/backsheet modules. However, the glass/glass modules can utilise the full 
potential of bifacial solar cells and provide a much higher energy yield under 
outdoor conditions to the end users. 
The additional power of glass/backsheet modules measured under STC 
is probably the main motivation for module manufacturers to use the glass/ 
backsheet structure for bifacial solar cells. Thus, to encourage module manu-
facturers to adopt the glass/glass structure (for bifacial solar cells), the author 
suggests that the glass/glass modules should be measured differently so as to 
compensate benefits of the glass/backsheet modules under STC 
measurements. Thus, the bifacial glass/glass module should be measured in 




compensates the effect of the backsheet in glass/backsheet modules. We can 
conceive three ways in which this could be achieved: 
1. Glass/glass modules could be measured with a reflective white sheet 
behind them. However, the measurement results with this method 
depend upon, the cell-gap in the module, the distance of white sheet 
from the module and the reflectance of the white sheet. Our 
experiments with this method indicate that it produces highly 
unreproducible results, and is thus not recommended. 
2. Measure the bifacial module with simultaneous illumination from two 
light sources. The front side can be illuminated with 1 Sun, and the 
rear side with a very low irradiance (for example 0.05 Sun). This 
method requires expensive and complex measurement equipment, 
which is not readily available. 
3. Measure the front side and the rear side separately under STC 
(covering the non-illuminated side with a black cover). The equivalent 
rating for the module under any combination of the front and rear-side 
illumination can then be calculated, as described in Chapter 5 of this 
thesis [19]. The recommended ratings of bifacial modules are with an 
equivalent power of P1.05, i.e. 1 Sun illumination on the front side and 
0.05 Suns on the rear side. 
Measuring and rating bifacial modules in this way can encourage 
module manufactures to use the glass/glass structure for bifacial solar cells, 
since they will be able to get some benefits by being able to sell these modules 




module manufacturers and the system owners will be able to profit from the 
additional energy which glass/glass bifacial modules can produce. 
 
6.5 Conclusions 
The rear-side module structure plays an important role in PV modules 
with bifacial solar cells. Bifacial solar cells encapsulated in a glass/backsheet 
structure offer more power as compared to glass/glass under STC measure-
ments. However, glass/glass PV modules with bifacial solar cells provide 
additional power in outdoor conditions due to albedo collection from the rear 
side of the module. In this work, it was found that, under STC measurements, 
in a glass/glass construction there is a net cell-to-module current loss due to 
the rear-side encapsulation. In contrast, a glass/backsheet module can offer 2-
3% higher power as compared to a glass/glass module with standard cell gap 
(under STC measurements). This power gain depends on cell-gap, properties 
of the backsheet (reflection and backscattering), and the bifacial cell current 
response. The results show that the maximum cost reduction advantage of 
glass/backsheet modules under STC is limited to approximately 3.3 %, which 
is significantly lower than the additional energy yield which can be gained by 
glass/glass modules in outdoor conditions [20, 136, 149]. Thus, by comparing 
the benefits from the two structures, the glass/glass module structure is 
recommended with bifacial solar cells because it can utilise the full potential 
of bifacial solar cells. In order to give a fair chance to glass/glass module 
manufacturers, a methodology to measure and rate the bifacial modules under 
STC was proposed, so that some portion of their benefits can be captured by 




CHAPTER 7 - CELL-TO-MODULE LOSSES IN 
SILICON WAFER-BASED 
BIFACIAL (AND MONO-
FACIAL) PV MODULES 
7.1 Introduction 
In silicon wafer based PV technology, solar cells are connected in series 
and encapsulated into PV modules. This encapsulated assembly increases the 
power and voltage of the module above that of a single solar cell and provides 
environmental protection for the solar cells. When integrated into a module, 
the operating conditions for the solar cells are changed, which affects their 
optical performance. Furthermore, the interconnection of the solar cells 
introduces additional losses that affect the electrical performance of the 
modules. Thus, due to the losses in the modularisation process, the module 
power is generally lower than the summation of the power of all the solar cells 
used to fabricate the module. This difference in total cell power and module 
power is termed as cell-to-module (CTM) power loss. To improve the 
performance of PV modules, it is important to understand various mechanisms 
responsible for cell-to-module loss and minimise it. The loss in the cell-to-
module process can be broadly categorised into optical, resistive and 
mismatch components. 
The optical loss in a PV module arises due to the hemispherical 




layers (glass, encapsulant) used to fabricate the module [150-152]. Optical 
gain is possible by improving the optical coupling among various interfaces in 
a module with the various encapsulation layers of monotonically increasing 
refractive indices [153]. Various researchers and module manufacturers have 
reported optical gains in CTM process [154-156]. Thus, the optical loss/gain is 
mainly attributed to the materials and processes used to fabricate the module 
and affects the number of photons absorbed by the solar cells and hence the 
generated current. 
The resistive loss (I
2
R) in a wafer-based PV module arises due to the 
power loss in various resistive components used to interconnect the solar cells 
as well as leakage currents at various points in the module. The additional 
series resistance added in the modularisation process is contributed by various 
components, such as soldering ribbons, bussing ribbons, contact resistance 
between cell bus-bar and soldering ribbons, junction box, cables etc., as shown 
in Figure 7.1 with the relative contributions from various components in a 
commercial 60-cell PV module (estimated using the measured resistance of 
components). The resistive loss mainly affects the module fill factor (and 
hence the module power). Since the relative resistive loss increases linearly 
with the operating current, it is a major concern for the modules with high 
efficiency solar cells, particularly for the solar cells with improved current 
response [157]. For bifacial PV modules, additional current can be generated 






Figure 7.1 Additional resistive loss components in a PV module (over and above 
solar cell series resistance). 
 
The mismatch loss occurs due to the difference in maximum power 
point currents of the individual series-connected solar cells [115, 158].  If 
there is a difference in the Imp of the cells, the cells connected in series do not 
perform at their individual maximum power point simultaneously. This results 
in the total output power being lower than the sum of maximum power of 
individual cells [159]. The mismatch loss in a module is an undesirable effect 
and should be minimised. PV module manufacturers deal with the mismatch 
by measuring and binning the solar cells with different binning strategies, 
including cell sorting on power (or efficiency), current at maximum power 
point or current at fixed voltages [160]. In real-world operating conditions, the 
cell mismatch in module varies with illumination. In the case of bifacial PV 
modules, the mismatch under bifacial illumination is determined by the 
current generation from both sides of the individual cells. 
The loss in the CTM process for wafer-based monofacial modules has 












[142, 159, 161-165]. However, to calculate the loss, solar cells and modules 
are typically measured with different I-V measurement systems which 
introduce uncertainty in the measurements [166]. Moreover, for wafer-based 
bifacial PV modules, the CTM loss is even more important due to the current 
generation from both sides of the module. However, due to the bifacial nature 
and bifacial cell transmittance for longer light wavelengths [117, 167], the 
estimation of CTM loss for bifacial PV modules is difficult. 
This Chapter provides a detailed analysis of CTM losses in silicon wafer 
based monofacial and bifacial PV modules. A method is devised to determine 
the loss with minimum uncertainty in the loss estimation due to cell and 
module measurement on different systems. The method quantifies the CTM 
loss of various components and can be effective in module optimisation, by 
minimising the loss for wafer-based monofacial and bifacial PV modules. 
 
7.2 Quantifying CTM loss: The methodology 
In this Section, a CTM loss analysis method is described for both single-
sided (monofacial) illumination and bifacial illumination. The method is 
discussed in two parts so as to make it easy to follow. The first part deals with 
the loss occurring under monofacial illumination only and is applicable to 
conventional monofacial modules as well as bifacial modules under the front 
side illumination only. In the second part, the method is extended for the loss 
occurring under bifacial illumination of bifacial modules. 
To extract the individual contributions from the various loss components 




large-size module is required using identical processes and materials. A 
number of mini-module structures are fabricated to calculate the front and rear 
side optical losses in bifacial PV modules. For ease of understanding, the 
schematics of various module structures and their nomenclature used in this 
Chapter are shown in Figure 7.2. For simplification, it is assumed that the 
front side of the bifacial cells (and modules) is the side with the higher current 
response and is treated as the front side throughout the chapter. 
 
 
Figure 7.2 Schematics of different module structures fabricated using bifacial cells 
and their nomenclature. Each structure may be illuminated (or measured) from the 
front or the rear. 
 
7.2.1 CTM loss for single-sided (monofacial) illumination 
7.2.1.1 Optical loss/gain 
Since the optical loss mainly affects the module current, a precise 
measurement of short-circuit current (Isc) at cell and module levels can be used 
to calculate the power loss (or gain) due to optical effects. The optical loss can 
be calculated using a single-cell mini-module. To accurately determine the 
short-circuit current (free from spectral mismatch issues) of the cell and mini-


























response of both the cell and mini-module are required. Then, the short-circuit 
current of the cell (and module) can be calculated using the AM1.5 photon 
flux (Φ𝑝ℎ.𝐴𝑀1.5) and the EQE of the cell (or module) as given by Equation 
(7.1). 
𝐼𝑠𝑐 = 𝑞𝑎𝑐𝑒𝑙𝑙 ∫ 𝐸𝑄𝐸(𝜆)Φ𝑝ℎ.𝐴𝑀1.5 (𝜆)𝑑𝜆 (7.1) 
For monofacial cells (and modules), this method is simple and straight-
forward. However, due to the bifacial nature of bifacial cell and different cell 
and module structures, a separate method is required to estimate the loss in 
bifacial PV modules. Since a significant amount of long wavelength light 
passes through the bifacial solar cells, the spectral response measurement on a 
reflective chuck introduces error in the measurement [117]. To overcome the 
error, a mini-module structure of Figure 7.3(a) can be fabricated with no 
encapsulation on the rear side. Since the rear side of the bifacial solar cell and 
the mini-module structure of Figure 7.3(a) are the same, the contribution due 
to the chuck reflection is cancelled out in the calculation of cell-to-module 
loss. A small error could be introduced due to the difference in transmittance 
of the bare cell and encapsulated cell. However, this error can be neglected for 
treatment in the long-wavelength region of the spectrum. Now, using the 
spectral response measurement, the short-circuit currents of the bifacial cell 
(𝐼𝑠𝑐.𝑐𝑒𝑙𝑙) and mini-module (𝐼𝑠𝑐.𝑚𝑜𝑑) can be determined using Equation (7.1). 
Then, the optical loss due to the front side encapsulation (𝑃𝑜𝑝𝑡










To calculate the effect on the module current due to the rear side 
encapsulation, a mini-module structure with glass/cell/glass configuration as 
shown in Figure 7.2(b) is also fabricated. Since the two mini-module 
structures shown in Figure 7.2 differ in their rear-side configuration only and 
have similar configuration and materials for the front side, the front-side 
effects can be neglected. The loss due to the rear side encapsulation can be 
calculated by the difference in the light absorption of the solar cells in the two 
different mini-module structures. To determine the light absorbed by the cells 
encapsulated in the different structures, the reflectance and transmittance of 
both the mini-modules were measured with a spectrophotometer (Cary 7000 
UMS, Agilent), as explained in Chapter 3. To calculate the light absorbed by 
the bifacial cells (𝐴𝑐𝑒𝑙𝑙) in the two different structures, Equation (7.3) can be 
used: 
𝑅𝑚𝑜𝑑 + 𝑇𝑚𝑜𝑑 + 𝐴𝑐𝑒𝑙𝑙 + 𝐴𝑔𝑙𝑎𝑠𝑠/𝐸𝑉𝐴 = 1 (7.3) 
Here  𝑅𝑚𝑜𝑑 and  𝑇𝑚𝑜𝑑 are the measured reflectance and transmittance of the 
mini-module samples with different structures, 𝐴𝑐𝑒𝑙𝑙 is the absorptance of the 
cell in the corresponding module structure, and 𝐴𝑔𝑙𝑎𝑠𝑠/𝐸𝑉𝐴 is the absorptance 
of the front-side glass and EVA layers. 
 
Figure 7.3 Schematics of the mini-module structures (not to scale) (a) glass/EVA/ 


















Since only long-wavelength light passes through the bifacial solar cells, 
we can assume that absorption in the rear-side encapsulant (and glass) is negli-
gible [144]. Now, the loss in the short-circuit current due to the different rear-
side encapsulation can be calculated by using the difference of light absorbed 
in the bifacial cells in the two structures and the internal quantum efficiency 
(IQE) of the cells as measured under rear-side illumination. The relative 

















𝑓 (𝜆) 𝛷𝑝ℎ.𝐴𝑀1.5 (𝜆)𝑑𝜆
, (7.4) 
where 𝐸𝑄𝐸𝑐𝑒𝑙𝑙
𝑓 (𝜆) is the external quantum efficiency of the cell for the front 
side illumination and 𝐼𝑄𝐸𝑐𝑒𝑙𝑙
𝑟 (𝜆) is the internal quantum efficiency of the cell 
for the rear side illumination.  
Thus, the total optical loss in the cell-to-module process (for a glass/ 
glass bifacial module) will be the sum of the two losses described above. This 
method for the optical loss calculation is effective for bifacial modules with 
the minimal effect on the loss estimation even if the cell EQE is measured on a 
reflective chuck. 
7.2.1.2 Mismatch loss 
To calculate the mismatch loss in a large-size PV module, the individual 
cells’ maximum power points and the common operating maximum power 
point of series interconnection of these cells should be known under STC. 




without the inclusion of optical and resistive effects, a combination of curve 
fitting and circuit simulation tools can be used to calculate the mismatch loss. 
The inputs to the simulation are the I-V curves of the bifacial solar cells 
measured under STC, as described earlier in Chapter 3. 
By using the curve fitting, the parameters for the one-diode model of 
each cell can be determined. By using the standard circuit simulation software 
LTSpice, the module I-V characteristics can be determined by assuming ideal 
interconnection of the solar cells (i.e. no resistive losses due to the cell inter-
connection process). With this assumption, the simulated module I-V curve 
can provide the maximum power accounting for mismatch losses only. The 
mismatch loss (𝑃𝑚𝑖𝑠) under STC (front side) can be calculated by: 




−  𝑃𝑠𝑖𝑚𝑢 , (7.5) 
where Pcell and Pmis are the power of each individual solar cell and 
simulated module power, respectively.  
7.2.1.3 Resistive loss 
To estimate the resistive loss in a large-size PV module, the module is 
fabricated using solar cells which were pre-measured with a solar cell tester. 
Then, the I-V characteristics of the finished module are also measured under 
STC using a Sun simulator. The measurement and fabrication processes for 
solar cells and modules were described in Chapter 3. 
Due to the difference in the cell and module measurement systems and 
their calibration standards, a certain amount of uncertainty is introduced in the 




Thus, it is difficult to estimate the cell to module loss with the required 
accuracy. The uncertainty in the measurement due to the involvement of 
different measurement systems can be eliminated by normalising the module 
I-V measurement with respect to the cell I-V measurements, or vice versa. 
Thus, such normalisation can ensure the same reference for both cell and 
module measurement. 
In a large-size PV module with the solar cells connected in series, the 
short-circuit current of the module will be equal to the minimum of the short-
circuit currents among the group of the cells, corrected for the optical effects 
(loss or gain). Actually, the short-circuit current of the module might be a little 
bit higher (due to the bypass diodes) if the cells connected in series have large 
mismatch in the 𝐼𝑠𝑐 [168]. Using the relative optical gain/loss calculated in the 
previous section, the normalised short-circuit current of the module (𝐼𝑠𝑐.𝑚𝑜𝑑
𝑐𝑎𝑙 ) 
with respect to the cell measurements is given as 
𝐼𝑠𝑐.𝑚𝑜𝑑
𝑐𝑎𝑙 = (1 − 𝑃𝑜𝑝𝑡) min
𝑖=1
(𝐼𝑠𝑐.𝑐𝑒𝑙𝑙
𝑖 ). (7.6) 
Similarly, the open-circuit voltage of the module can also be normalised 
with respect to the cell measurement. Assuming the solar cells have not been 
damaged by the modularisation process, the module open-circuit voltage is 
equal to the sum of the open-circuit voltages of all the cells used to fabricate 
the module: 
𝑉𝑜𝑐.𝑚𝑜𝑑








Now, the module I-V curve measured by the flash-based Sun simulator 
can be normalised to the cell measurement by using the Isc and Voc given in 
Equations (7.6) and (7.7). 
𝐼𝑚𝑜𝑑












Thus, the module I-V curve obtained by current and voltage 
normalisations is free from the measurement errors due to the cell and module 
measurement using two different systems. The maximum power of the 
normalised module I-V curve inhibits the resistive and mismatch losses. Then, 
by using the mismatch loss calculated earlier, the resistive loss in the cell-to-
module process can be obtained using the following expression: 







− 𝑃𝑚𝑖𝑠. (7.10) 
It should be noted that the various components of the CTM loss given by 
Equations (7.2), (7.4), (7.5) and (7.10) are applicable to wafer-based 
monofacial PV modules and single-sided illumination for the bifacial PV 
modules. CTM loss for bifacial illumination of bifacial PV modules will be 
discussed in the next Section. 
7.2.2 CTM loss under bifacial illumination 
7.2.2.1 Optical loss/gain under bifacial illumination 
Since bifacial PV modules generate current due to light absorption from 




illumination is due to the combined effect of the loss occurring under single-
sided front and rear side illumination. The single-sided (front and rear side, 
separately) optical loss can be calculated using the method described in the 
previous section. Now, for the bifacial illumination conditions as described in 
Chapter 4, if the front side of the bifacial module is illuminated at one Sun and 
the rear side at a certain fraction (x) of the front side irradiance, the optical loss 
for the bifacial illumination can be calculated using the linear superposition of 
the optical loss due to the single-side illuminations i.e. front and rear side 
illuminations. The optical loss for the bifacial illumination is given by 
𝑃𝑜𝑝𝑡.𝑏𝑖 =  𝑃𝑜𝑝𝑡.𝑓𝑟𝑜𝑛𝑡 + 𝑥𝑃𝑜𝑝𝑡.𝑟𝑒𝑎𝑟 , (7.11) 
where  𝑃𝑜𝑝𝑡.𝑓𝑟𝑜𝑛𝑡 and 𝑃𝑜𝑝𝑡.𝑟𝑒𝑎𝑟 are the optical losses for the front and 
the rear side illuminations, respectively.  
7.2.2.2 Mismatch loss under bifacial illumination 
To calculate the mismatch loss for the bifacial illumination, the rear side 
short-circuit current measurement under STC is required in addition to the 
front side I-V characteristics of the individual bifacial solar cells. Now, 
assuming linear current response of the solar cells, current generated from the 
front and rear sides of the individual bifacial cell can be added [128, 129]. 
Then, the one-diode solar cell parameters obtained by curve fitting for the 
front side illumination can be used with the generated current under bifacial 
illumination. To obtain the mismatch loss, we can simulate the module I-V 
curve for 1.x illumination (i.e. front side one Sun and rear side x times one-
Sun) with LTSpice by assuming ideal interconnection of the solar cells. The 









𝑠𝑖𝑚𝑢 .  (7.12) 
In Equation (7.12), the first part is the summation of the individual cell 
powers under bifacial illumination (irradiance conditions 1.x) and the second 
part is obtained from the simulated module I-V curve. 
7.2.2.3 Resistive loss under bifacial illumination 
In a previous section, the resistive loss for the front-side illumination is 
calculated as given by Equation (7.10). If we assume that there is a fixed value 
of additional lumped series resistance (𝑅𝑐𝑡𝑚), which is added due to the 
modularisation process of the solar cells, the resistive loss of Equation (7.10) 
can also be written as 
𝑃𝑟𝑒𝑠 = 𝐼𝑚𝑝𝑝
2 𝑅𝑐𝑡𝑚. (7.13) 
where Impp is the module current at maximum power point. 
For bifacial illumination, the module operating current changes. If 
𝐼𝑚𝑝𝑝−𝑏𝑖 is the module operating current under bifacial illumination, the 
resistive loss under bifacial illumination is given by:  
 𝑃𝑟𝑒𝑠.𝑏𝑖 = 𝐼𝑚𝑝𝑝−𝑏𝑖
2 𝑅𝑐𝑡𝑚. (7.14) 


































, and the ratio Impp/Isc for different 
illumination conditions can be calculated by using the simulated module I-V 
curve.  Here, 𝐼𝑠𝑐−𝑓 and 𝐼𝑠𝑐−𝑟 are the short-circuit currents of the module for the 
front and rear side illuminations under STC, respectively. 
To further simplify Equation (7.16), one can assume that the module 
current at the maximum power point changes with the irradiance in the same 
fashion as the short-circuit current. The resistive loss under bifacial 




7.3 CTM loss analysis: Experimental  
To demonstrate the CTM loss analysis methodology discussed in the 
previous Sections with experimental examples, single-cell mini-modules and 
4-cell bifacial modules were fabricated using bifacial solar cells. The module 
fabrication process for the mini-modules and large-size modules was 
described in Chapter 3. Figure 7.4 shows the photographs of the fabricated 





Figure 7.4 Photographs of (a) mini-module structure of Figure 7.3(a) fabricated with 
bifacial solar cells and (b) 4-cell bifacial glass/glass module. 
 
7.3.1 CTM loss for single-side illumination (front side) 
7.3.1.1 Optical loss 
As discussed in the previous Section, to calculate the loss under front 
side illumination, various measurements are required for the bifacial cells and 
encapsulated single-cell mini-modules. Table 7.1 summarises the measure-
ments performed on the front and rear sides of the bifacial cells and mini-
modules. The EQE measurements of the cell and glass/EVA/cell structure 
were performed on a conventional solar cell chuck (used to measure 
monofacial cells). Figure 7.5 shows the EQE curves for the cell and module 
structure under consideration. To calculate the optical loss/gain due to the 
front side encapsulation, the short-circuit currents of the bifacial cell were 
calculated before and after the encapsulation (glass/EVA/cell) by using 
Equation (7.1). The optical loss for the front side module structure 







Table 7.1 Measurement of bifacial cell and different mini-module structures for loss 
calculation under front side illumination. 
Structures  Measurement on front side 
Measurement on rear 
side 












To calculate the effect on module current due to the rear side structure, 
reflectance and transmittance measurements were performed on the front side 
of different module structures as described in Table 7.1. The light absorbed in 
the bifacial cell for the two different module structures was calculated using 
Equation (7.3). The internal quantum efficiency of the cell was calculated 
from the EQE and the reflectance and transmittance measurements (on the rear 
side). Figure 7.6 shows the measurements performed on the bifacial cell and 
various mini-module structures in the long-wavelength region of the solar 
spectrum. The optical loss due to the rear encapsulation as calculated by 
Equation (7.4) was 0.47%.  
 
Figure 7.5 Measured EQE of bifacial cell before and after encapsulation in mini-
module structure under front side illumination (right). Also shown are the schematics 
of the corresponding structures and their illumination methods (left). 

































Figure 7.6 (a) Measured reflectance and transmittance and (b) absorptance for glass/ 
cell/glass and glass/cell module structures and IQE of the cell (rear side) in the long-
wavelength region of the usable solar spectrum. 
 
Figure 7.7 shows the optical loss components for the glass/glass bifacial 
PV module. A total optical loss of ~1% was observed for the fabricated mini-
modules under front-side illumination. It is interesting to see that for the 
bifacial glass/glass modules, not only the front side encapsulation of the 
module affects the optical performance, but also the rear side encapsulation. 
The rear encapsulation loss is mainly due to the fact that in the glass/glass 
structure the light transmittance is higher as compared to the one without the 
encapsulation on the rear side, as shown in Figure 7.6(a). A possible reason for 
the higher transmittance in glass/glass structure is that more light is coupled 
out of the rear side because of the layers of intermediate refractive indices. 
 
Figure 7.7 Bifacial module structure (left) and optical losses (right) under front side 
illumination. 

































































































































7.3.1.2 Mismatch loss 
To calculate the mismatch loss, I-V curves of the bifacial solar cells 
were measured. As described in the previous section, by using a curve fitting 
technique, the one-diode parameters of the bifacial cells were extracted. Then, 
using the circuit simulation software LTSpice, the I-V curve for the series 
interconnection of the bifacial cells (the cells which were used to fabricate the 
module) was determined by assuming the ideal interconnection of cells. Table 
7.2 shows the electrical parameters of the simulated module I-V curve. By 
using the measured electrical power of the individual solar cells, the mismatch 
loss is calculated based on Equation (7.5). Table 7.2 shows the calculated 
mismatch loss for series interconnection of 4 cells, which is 0.26% in this 
case. 
Table 7.2 Simulated module electrical parameters and mismatch loss calculation. 
Isc (A) Voc (V) FF (%) Power (W) ∑ 𝑃𝑐𝑒𝑙𝑙 (W) 𝑃𝑚𝑖𝑠. (%) 
9.134 2.60 77.85 18.492 18.54 0.26 
 
7.3.1.3 Resistive loss 
To calculate the resistive loss, the I-V curve of the 4-cell module was 
measured using a flash type solar simulator (SunSim3b LS, Pasan), as 
described in Chapter 3. To eliminate the uncertainty due to different 
measurement systems, the measured module I-V curve was normalised with 
respect to the solar cell measurement using Equations (7.8) and (7.9). 
Additionally, the normalisation of the module I-V curve also eliminates the 




reflectance. Figure 7.8 shows the as-measured and normalised I-V curves of 
the 4-cell bifacial module. The resistive loss is calculated using the module 
power obtained using the normalised I-V curve and the mismatch loss 
calculated earlier. Table 7.3 shows the measured and normalised module 
power and calculation of resistive losses for the 4-cell bifacial module for 
front side illumination under STC.  
 





∑ 𝑃𝑐𝑒𝑙𝑙 (W) 𝑃𝑚𝑖𝑠 (%) 𝑃𝑟𝑒𝑠 (%) 
16.85 17.64 18.54 0.26 4.59 
 
 
Figure 7.8 Module I-V curves: As measured and normalised to the bifacial solar cell 
measurement. 
 





















The calculated resistive loss was 4.6%, which seems quite high. The 
high value obtained for the resistive loss is due to the fact that this loss is for a 
4-cell module which has significant power loss due to the resistance of the 
bussing ribbons. This can be seen if the resistive loss is further quantified in 
two different components, i.e. loss in soldering ribbons and loss in bussing 
ribbons (no junction box was used for the 4-cell module). The calculated 
resistive loss component for soldering ribbons and bussing ribbons were 3.3% 
and 1.3%, respectively. For large-size (for example 60 cells) modules, the 
bussing ribbon contribution per cell is significantly lower and hence the 
resistive loss is lower as compared to the 4-cell module studied here. 
Figure 7.9 shows the loss contribution due to various loss components 
(i.e. optical, mismatch and resistive) for the 4-cell glass/glass bifacial PV 
module under front side only illumination. The individual components of the 
CTM loss can help in improving the module performance, by optimising the 
module materials and the fabrication processes. 
 
Figure 7.9 Cell-to-module loss components for the front side illumination in a 4-cell 






































7.3.2 CTM loss under bifacial illumination 
Since in real-world conditions bifacial modules operate under bifacial 
illumination, it is worth estimating the cell-to-module loss for such 
illumination conditions as well.  To define the bifacial illumination, the same 
convention as explained in Chapter 4 is used, i.e. the front side illumination at 
one Sun and the rear side at a certain fraction x of the front side illumination. 
Since optical loss/gain occurs for both front and rear side illuminations, 
it is necessary to characterise the optical loss under rear side illumination, in 
addition to the optical loss already calculated under front side illumination. 
The optical loss/gain for the rear side illumination can be calculated in the 
same way as it was calculated for the front side illumination in the previous 
section. Figure 7.10 shows the EQE of the bare cell and encapsulated cell 
(glass/EVA/cell) for the rear side illumination.  The calculated optical loss due 
to the front and the rear encapsulations under the rear side STC illumination 
are also shown in Figure 7.11. 
 
 
Figure 7.10 Measured EQE of bifacial solar cell before and after encapsulation in 
mini-module structure under rear side illumination (right). Also shown are schematics 


































Figure 7.11 Bifacial module structure (left) and optical losses (right) under rear side 
illumination. 
 
Interestingly, under rear side illumination, there is a net “optical gain”8 
in the cell-to-module process which is shown as negative optical losses (-
0.18%) in Figure 7.11 [154, 169]. Although the glass and EVA materials used 
on both sides of the mini-module have the same optical properties, the gain for 
the rear side illumination is due to the fact that the EQE of the bifacial cell for 
the rear side illumination is lower as compared to the front side illumination 
(especially in the short-wavelength region). Thus, the relative encapsulation 
loss in the short-wavelength region of the spectrum is reduced in the case of 
rear side illumination, as can be seen from Figure 7.10. Meanwhile, there is an 
optical gain for wavelengths in the 800-1100 nm range, which is possibly due 
to a non-optimised antireflection coating on the rear side of the bifacial cell. 
By using Equations (7.11), (7.12) and (7.17) discussed in Section 7.3.1, 
the CTM loss components were calculated. Figure 7.12 shows the variation of 
various loss components for different bifacial illumination conditions. It can 
be observed from Figure 7.12 that for the module under consideration, 
 
                                                          
8
 In this thesis, the cell-to-module loss is considered as a positive number; hence the optical 















































Figure 7.12 Optical, mismatch, resistive and total CTM losses for a 4-cell bifacial PV 
module under bifacial illumination. 
 
the optical loss reduces by a small amount (due to gain for the rear side 
illumination) while the mismatch loss is almost unchanged (due to the 
matching of the rear side current responses of individual cell) with additional 
illumination on the rear side of the module. However, the resistive loss 
increases significantly due to the increase in the module operating current 
under bifacial illumination. 
 
7.4 Conclusions 
Estimation and understanding of cell-to-module losses in silicon wafer 
based PV modules is important since the loss affects the energy yield of a 
module and hence the cost of the generated electricity. For high-efficiency 
solar cells, the CTM loss becomes even more important and must be 
minimised to obtain optimum module performance. A method to quantify the 































CTM loss in terms of the individual loss components was presented in this 
Chapter. The method is useful in understanding the loss mechanisms and 
identifying the root causes in wafer-based monofacial and bifacial PV 
modules. Due to the focus of this thesis on the bifacial PV modules, special 
treatment was given for this module type with the extrapolation of the loss to 
the bifacial illumination conditions. Calculations of individual loss 
components were explained and verified with experimental examples by the 
fabrication of single-cell mini-modules and 4-cell modules using bifacial solar 
cells. The resistive loss component was a major loss component and increased 
significantly under bifacial illumination. The mismatch loss can be minimized 
if proper cell binning strategies are used for monofacial cells. However, for the 
bifacial solar cells the current responses of both the front and rear sides of the 
bifacial cells should be considered. Thus, the presented analysis of the CTM 
loss can help module manufacturers to reduce the loss and improve the module 
performance, by carefully selecting the materials and optimising the processes 





CHAPTER 8 - INVESTIGATION OF OUTDOOR 
PERFORMANCE AND COST 
POTENTIAL OF BIFACIAL PV 
MODULES 
8.1 Introduction 
As discussed in the previous Chapters, bifacial PV modules can convert 
light which enters the module from either side into electricity. This means that 
bifacial modules can perform better than conventional monofacial modules 
when installed under the same conditions. The energy gain of a bifacial 
module over a monofacial module depends on a number of factors, including 
the installation conditions as well as the characteristics of the incident 
irradiance, since these factors affect the amount of light which can enter via 
the rear side of the module.  
To accelerate the adoption of bifacial PV modules in the global market, 
it is necessary to explore the performance and cost benefits of these modules 
in real-world operating conditions. A number of experimental and simulation 
studies were performed to predict the outdoor performance of bifacial PV 
modules under different installation conditions [20, 68, 149, 170]. A power 
gain up to 50% from bifacial modules as compared to monofacial modules has 
been reported in the literature for specific installation conditions [21]. Due to 
the lack of standardised methodology for performance evaluation under 




studies to predict and improve the energy yield from bifacial PV modules for 
different locations and installation conditions [63, 171, 172].  Such 
performance studies and outdoor potential analyses of bifacial PV modules are 
not available in the tropical climate of Singapore. The solar radiation in 
tropical climates, such as Singapore, can be characterised by a high diffuse 
content in global irradiance. Hence, in order to evaluate the performance and 
behaviour of bifacial modules in this climate, it is necessary to have 
experimental data for bifacial modules in these climatic conditions. This 
experimental data will be useful to optimise bifacial PV modules and bifacial 
PV installations for the tropical climates. 
This Chapter investigates the outdoor performance of bifacial PV 
modules in the tropical climate of Singapore. The performance dependence of 
bifacial PV modules is studied with respect to the irradiance characteristics 
and different module tilt angles. The cost potential of bifacial PV modules is 
presented under varying energy gain conditions using the levelised cost of 
electricity (LCOE) of PV systems incorporating bifacial modules. 
 
8.2 Outdoor installation set-up and measurement  
To compare their performance, commercially available monofacial and 
bifacial PV modules of the same solar cell technology were installed in 
Singapore (on a rooftop at the National University of Singapore, NUS) in 
December 2011. Prior to the installation, module I-V characteristics were 
measured under STC, using a flash type solar simulator (SunSim3b LS, Pasan) 




Figure 8.1. For the first experiment, the installation for both the modules 
(monofacial and bifacial) was South facing, at a tilt angle of 10° at an 
elevation of 100 cm above the flat roof surface. The electrical parameters of 
the modules - maximum power (Pmax), open-circuit voltage (Voc), short-circuit 
current (Isc) and fill factor (FF) - were measured and recorded every 10 
seconds. Initially, both the modules (bifacial and monofacial) were kept at a 
fixed tilt angle. After a few weeks, the tilt angle was changed for both 
modules. This process was repeated a number of times, so as to compare the 
performance of the modules at various tilt angles. Figure 8.2 shows the 
different tilt angles and directions of the modules used for the experiment. In 
the second experiment, two bifacial modules were installed at the same 
rooftop at NUS. One module was kept at a tilt angle of 10° facing South, while 
the other was kept vertically facing the East-West direction. Similar to the first 










Figure 8.2 Schematic showing the direction and tilt angles of the bifacial and 
monofacial modules. 
 
8.3 Analysis of experimental data and results 
To assess the performance of a PV system, standards were established 
by the International Energy Agency (IEA) Photovoltaic Power System 
Programme. These are described in the IEC standard 61724 [173, 174]. The 
overall performance of PV systems can be defined using the parameters 
energy yield and performance ratio. In the present study, the performance of 
bifacial modules was analysed based on performance indicators, such as 
performance ratio, energy yield (output energy per Wpeak) and Isc gain. The 
following Sections describe the analysis methods used and the results 
obtained. 
8.3.1 Comparison of bifacial and monofacial modules 
8.3.1.1 Performance ratio of the module at different tilt angles 
The performance ratio (PR) is frequently used to compare different PV 
module technologies in different climate zones. The PR of a PV system with 
STC power P, energy output E and total in-plane irradiance per unit area 
Hin-plane, is given as [174]: 
     
 






𝐸 [𝑊ℎ] × 1000 [𝑊/𝑚2]
𝐻𝑖𝑛−𝑝𝑙𝑎𝑛𝑒 [𝑊ℎ/𝑚2] × 𝑃 [𝑊]
. (8.1) 
The PR defined in Equation (8.1) is the DC performance ratio and does 
not include the information related to inverters and AC performance of the PV 
systems. The PR is considered as the main performance indicator for a PV 
module (or PV system) in the field and includes information related to 
performance degradation due to various factors, such as PV module temper-
ature, angular loss, soiling or snow, mismatch between modules in a string, 
low-light performance and cabling losses [7].  
In the present study, to compare bifacial and monofacial PV module 
performance and to determine the optimum tilt angle for bifacial PV modules, 
the DC performance ratio with respect to the irradiance measured on a 
horizontal plane was determined and named as PRhor. It can be defined as: 
𝑃𝑅ℎ𝑜𝑟 =
𝐸 [𝑊ℎ] × 1000 [𝑊/𝑚2]
𝐻ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙−𝑝𝑙𝑎𝑛𝑒 [𝑊ℎ/𝑚2] × 𝑃 [𝑊]
. (8.2) 
Since in this study the irradiance on the horizontal plane was used rather 
than the in-plane irradiance for the calculation of performance ratio, the PRhor 
values also give an indication of the total energy produced by the modules at a 
particular tilt angle and hence the PRhor can be used to compare the module 
performance at different tilt angles (for different weeks).  
For each tilt angle position, the modules were measured for approxi-
mately six weeks. The measured PRhor for both module types is plotted in 
Figure 8.3 for three different tilt angles. Clearly, regardless of the tilt angle, 




module. For the tilt angle of 10º, the PR value of the bifacial module is close 
to 100%, which is possible because during the STC measurement no light was 
allowed to enter via the rear side of the module. For this installation, the 
weighted average reflectance (WAR)
9
 of the rooftop was measured to be 
approximately 18%. The PRhor values show that the bifacial modules can 
provide significant power gain (~10%) over monofacial modules, without any 
modification in the rooftop installation. However, it is worth mentioning that 
the performance gain in this study was measured for a single module only and 
the gain in an actual PV system (with a number of PV modules connected 
together) will differ slightly depending on the module installation conditions 
(i.e., the gap between the rows, the elevation, etc.). 
 
 
Figure 8.3 Measured performance ratio (PR) of the two module types (bifacial, 
monofacial) for three different tilt angles. 
                                                          
9
The roof reflectance was measured (for a piece of rooftop material) with a spectrophotometer 
(integrating sphere) with sample placed at an angle 8° to the incident light. The measured 
value of reflectance (~18%) is expected to be higher for higher incident angles (especially for 



























8.3.1.2 Isc gain for different time of the day 
In order to get insight into the increased PRhor of bifacial modules, the 
gain in normalised short-circuit current (Isc) of the bifacial module compared 
to the monofacial module was calculated. The normalised short-circuit current 
(𝐼𝑠𝑐






where  𝐼𝑠𝑐.𝑆𝑇𝐶 and 𝐼𝑠𝑐.𝑜𝑢𝑡𝑑𝑜𝑜𝑟 are the short-circuit currents of the module under 
STC and outdoor conditions, respectively. 
Using Equation (8.3), the gain in Isc of bifacial module is calculated as 





𝑁 . (8.4) 
A plot of the variation of average Isc gain throughout the day is shown in 
Figure 8.4. To calculate the daily average Isc gain, the normalised Isc was first 
averaged over six weeks of data for each tilt angle and then this average value 
of normalised Isc was used to calculate the relative Isc gain of the bifacial 
module with respect to the monofacial module. 
From the Isc gain plot, it can be observed that the Isc gain is maximum in 
the case of 45° tilt angle, which is due to the fact that at a higher tilt angle, 
more area of the rear side of the module is exposed to diffuse radiation 
reflecting from the rooftop and a part of the sky. At higher tilt angle, the front 
side current reduces (non-optimal conditions) for both modules and the 




current. Furthermore, the Isc gain also depends on the time of the day, i.e. it 
changes with the incident angle of the incoming light. 
 
 
Figure 8.4 Average Isc gain (over 6 weeks of data) throughout the day at different tilt 
angles. The measurements were performed during different time periods. 
 
8.3.1.3 Variation of Isc gain with diffuse/global irradiance ratio 
To study the effect of irradiance characteristics (diffuse vs direct) on the 
current gain in the bifacial modules compared to the monofacial module, the 
Isc gain was plotted against the diffuse to global irradiance ratio. 
The measured results in Figure 8.5 show that the Isc gain also varies with 
the ratio of diffuse to global irradiance. The data shown in Figure 8.5 are for 
over a month at a tilt angle of 45°. Clearly, with increase in the diffuse content 
of the global irradiance, the Isc gain of the bifacial module compared to the 
monofacial module increases. This is because the albedo from directly under-
neath the module is higher when there is a significant diffuse content in the  
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Figure 8.5 Measured Isc gain versus the diffuse/global irradiance ratio, for a 45° tilt 
angle of the modules. 
 
global irradiance. At times of higher diffuse content, the global irradiance is 
usually lower than that on a totally sunny day (due to the reduction in direct 
content). This results in less current generation from the front-side 
illumination for both modules, and thus the relative current gain (due to rear 
side current generation) for the bifacial module increases. 
 
8.3.2 Comparison between vertical and 10° South facing installation of 
bifacial modules 
To explore the various possible applications of bifacial modules in the 
tropics, two bifacial PV modules were compared, one installed vertically (E-W 
facing) with the other one mounted at a typical installation condition (10° tilt 
angle, south facing). Figure 8.6 shows the normalised output power variation 



















during a day, averaged over two weeks. As expected, in morning and evening, 
a vertically installed module produces more power compared to the 
conventional installation. However, the module installed vertically does not 
perform well around noon time. To estimate the performance of the two 
modules, the PRhor was calculated as described in the previous section. Figure 
8.7 shows that, for a normal rooftop (reflectivity < 20%), the vertically 
installed module has approximately 20% (absolute) lower PRhor as compared 
to the module tilted at 10° and facing South. The situation is much worse if a 
reflective material (reflectivity > 80%) is used underneath the two modules.  
The PRhor plot shows that with a highly reflective rooftop, the performance of 
the module with 10° tilt increases considerably but the vertically installed 
module shows only a marginal improvement in performance. 
 
 
Figure 8.6 Normalised power for a vertically installed bifacial module (facing east-
west) and a 10° tilted bifacial module (facing south) throughout the day (averaged 
over a period of two weeks). 



































Figure 8.7 Performance ratio (horizontal) for a vertically installed bifacial module 
(facing east-west) and a 10° tilted bifacial module (facing south). 
 
8.4 LCOE analysis of PV systems based on energy gain from 
bifacial PV modules 
The levelised cost of electricity (LCOE) of PV systems is one of the 
main indicators to evaluate their economic performance. The LCOE depends 
















where 𝐶0 is the initial capital cost, 𝑀𝑡 is the annual operation and maintenance 
(O&M) cost in year t, 𝐸𝑡 is the electricity produced in the respective year, i is 
the interest rate (discount rate) and d is the annual degradation rate. 
Since the bifacial PV modules have direct impact on the energy 
generation potential of a PV system, it is worth exploring the effect of this 

























module type on the overall cost of the generated electricity i.e. on the LCOE 
of the PV system. To calculate the impact of energy gain from a bifacial 
module over monofacial modules, the reference assumptions for LCOE 
calculation were made, as shown in Table 8.1 [175, 176]. In the calculation of 
LCOE, it was assumed that the cost of bifacial PV modules is comparable to 
monofacial modules. Although the market prices of the bifacial PV modules 
are slightly higher than those of their monofacial counterparts, the main reason 
behind this is the economy of the manufacturing scale. In the future, as the 
production volumes of bifacial PV modules increase, similar costs for 
monofacial and bifacial PV modules are expected. 
 
Table 8.1 Reference assumptions for the LCOE calculation [175-177] 
Cost components  Numerical value ($ = USD) 
Module cost 0.621 $/Wpeak 
Module efficiency 15.6% 
Module life time 25 years 





Power related BOS cost $260/kWp 
Long-term degradation 0.80%/year (for tropical climate) 
O&M cost per year 2% of capital cost 
Performance ratio 0.85 
Discount rate 4% 




In the previous section, a performance gain of ~10% was observed for 
the rooftop with low reflectance (~18%). Much higher gains are expected with 




energy gains ranging from 0-30% as shown in Figure 8.8. A zero gain shows 
the LCOE of conventional monofacial modules based on the assumptions 
listed in Table 8.1. It can be seen that the LCOE of bifacial PV systems is 
quite sensitive to the energy gain. In real-world operating conditions, a bifacial 
energy gain of 30% is transferable to a cost reduction of generated electricity 
by ~23% as shown in Figure 8.8. It can be observed from Figure 8.8 that the 
energy gain and reduction in LCOE are not in an one-to-one ratio. This is 
because in the calculation of LCOE, all the cost and revenue (electricity 
generated) were transferred to the present year and hence the factors, such as 
discount rate, will have an impact on the actual LCOE reduction, i.e. the 




Figure 8.8 Relative LCOE reduction with the energy gain of a bifacial PV system. 

































The presented study shows promising experimental results for bifacial 
module performance in the tropical climate of Singapore. For the bifacial 
modules, a performance gain of ~ 10% compared to monofacial modules is 
easily achievable without modifying the rooftop (reflectivity < 20%). The gain 
will be higher if a more reflective rooftop is used (white paint or reflective 
material coatings). The experimental results obtained over several months 
showed that the biggest gain is achieved with a conventional installation 
geometry, i.e. tilt angle of 10° and with the module facing South.  However, to 
determine the optimal installation conditions for Singapore, data over a full 
year or more would be required. The experimental results showed that bifacial 
modules perform better when the diffuse content in the global irradiance is 
high. Based on the energy gain for bifacial PV modules, the LCOE analysis 
showed that the cost reduction potential for the generated electricity is 
significant. Thus, this study suggests that the market share of bifacial PV 




CHAPTER 9 - CONCLUSIONS AND 
PROPOSED FUTURE WORK 
9.1 Thesis conclusions 
Despite the additional energy generation under real-world conditions, 
there are a number of challenges in the deployment of bifacial devices into 
mainstream PV systems.  Firstly, there is no established indoor measurement 
standard to measure and rate bifacial solar cells and modules. Standard 
characterisation techniques and performance evaluation methods are important 
requirements to evaluate and optimise the performance of a device. The 
primary aim of this thesis was to address the challenges in characterisation and 
standardisation of bifacial devices with indoor measurements and to develop 
methodologies to investigate the performance of these devices by in-depth 
analysis of various loss mechanisms. 
Since in real-world operating conditions bifacial solar cells and modules 
receive Sunlight either directly or indirectly from both sides of the device, one 
of the objectives of this work was to evaluate the performance of bifacial solar 
cells and modules under bifacial illumination. The setups to perform the 
measurements under bifacial illumination are complex and not readily avail-
able in the PV industry. Due to practical considerations, it is not feasible to 
perform the measurements for all possible combinations of front and rear side 
illumination. As an alternative, this thesis presented a new method to evaluate 
the performance of bifacial solar cells under bifacial illumination which 




measurement setup. To fully characterise the bifacial performance of bifacial 
solar cells, two new parameters, the bifacial 1.x efficiency and the gain-
efficiency product (GEP), were introduced. The bifacial 1.x efficiency deals 
with the design and optimisation of bifacial cells for bifacial illumination, 
while the GEP deals with the end-use benefits from the bifacial cells. 
Similar to the method for bifacial cells, a new method was presented for 
bifacial modules which is also based on single-sided measurements using a 
solar simulator that is routinely used for monofacial devices. Using a silicon 
wafer based bifacial PV module, it was shown that the module’s output power 
calculated using the method agrees to within 1% with the measured power for 
a number of illumination conditions on the front and rear sides of the bifacial 
PV modules. The sensitivity analysis of bifacial parameters showed that the 
FF measured under front side only illumination under STC is the most critical 
parameter for both bifacial cells and modules. Since the bifacial devices 
produce higher current than monofacial devices, it is of utmost importance for 
these devices to keep the series resistance low. The new methods provide 1) a 
means for fundamental study and optimisation of bifacial solar cells and 
modules under bifacial illumination conditions, 2) information related to 
energy yield and the end-use benefits in the real-world applications. 
Furthermore, a significant effort was made in this work to analyse the 
performance of bifacial solar cells encapsulated in different module structures, 
i.e. glass/glass and glass/backsheet. It was found that, under STC measure-
ments, in a glass/glass construction there is a net cell-to-module current loss 
due to the rear-side encapsulation. In contrast, a glass/backsheet module can 




cell gap (under STC measurements). This power gain depends on the cell gap, 
the properties of the backsheet (reflection and backscattering), and the bifacial 
cell current response. The results in Chapter 6 showed that the maximum cost 
reduction advantage of glass/backsheet modules under STC is limited to 
approximately 3.3%, which is significantly lower than the advantage of the 
additional energy yield from glass/glass modules in outdoor conditions. By 
comparing the benefits from the two structures, this work recommends the 
glass/glass module structure over the glass/backsheet module structure for 
bifacial solar cells. Under STC measurements, the rating (and thus the sellable 
power) of glass/glass modules suffers as compared to the glass/backsheet 
modules. To encourage module manufacturers to adopt the glass/glass 
structure, a methodology to measure and rate the bifacial modules under STC 
was proposed. The recommended rating of glass/glass bifacial modules is at an 
equivalent power of P1.05, i.e. one-Sun illumination on the front side and 0.05 
Suns on the rear side. With the new rating, the module manufacturers will be 
able to get some benefits, by being able to sell these modules at a premium 
price compared to glass/backsheet modules while still providing significant 
economic benefits for the end-users. 
For the wafer-based bifacial PV modules, the loss investigation in the 
cell-to-module process is an important consideration in optimising the module 
performance under STC and in real-world conditions. In Chapter 7, a method 
was devised to quantify the CTM loss in terms of the individual loss 
components for single-sided illumination and then extended for bifacial 
illumination conditions. The method is useful in understanding the loss 




bifacial (and monofacial) PV modules. Calculations of individual loss 
components were explained and verified with experimental examples by 
fabricating mini-modules and 4-cell modules using bifacial solar cells. The 
experimental results showed that the resistive loss in the CTM process is 
particularly important for bifacial PV modules, since it has a greater impact 
under bifacial illumination. The mismatch loss in bifacial PV modules 
depends on the current responses of both the front and rear sides of the bifacial 
cells and it can be minimised by choosing proper cell binning strategies. Using 
the CTM loss analysis, module manufacturers can reduce the loss and improve 
the module performance by carefully selecting the materials and by optimising 
the processes used in module fabrication. 
Finally, the thesis presented a study on performance comparison of 
bifacial and monofacial PV modules in the tropical climate of Singapore. The 
study showed that for bifacial modules, a performance gain of ~10% 
compared to monofacial modules is achievable without modifying the 
installation conditions (rooftop reflectivity < 20%). Higher gains are expected 
if a more reflective rooftop is used. The experimental results obtained over 
several months showed that the biggest gain is achieved with a conventional 
installation geometry, i.e. tilt angle of 10° and with the module facing South. 
The experimental results showed that the gain from bifacial modules increases 
with the diffuse content in the global irradiance. The LCOE analysis based on 
the energy gain showed that the bifacial PV modules can significantly reduce 
the cost of PV electricity. 
Overall, this thesis presented new methods and procedures for 




modules. The obtained results represent an improved understanding of the 
benefits of bifacial solar cells and modules and should contribute to further 
improvements of the energy yield, and hence cost effectiveness of PV 
systems. 
 
9.2 Original contributions 
This thesis includes the following original contributions: 
Chapter 4 
 The development of a new method to characterise bifacial solar cells 
under bifacial illumination. 
 Introduced two new bifacial parameters to fully characterise the 
bifacial illumination performance of bifacial solar cells. 
 To study the effect of monofacial (front or rear) cell parameters on the 
bifacial performance of bifacial cells, a sensitivity analysis was 
presented. This is helpful in the design and optimisation of bifacial 
cells. 
Chapter 5 
 The development of an electrical characterisation method for bifacial 
PV modules under bifacial illumination. 
 The calculations of the bifacial parameters were demonstrated and 
verified (within 1% of the measured values) using a commercially 





 Simulation and experimental study of the effect on module current in 
two different module structures (i.e. glass/glass and glass/backsheet) 
fabricated using bifacial solar cells. 
 Optimisation of glass/backsheet modules for maximum possible 
benefits compared to glass/glass modules under STC measurements. 
 Proposed new methodology for rating bifacial glass/glass modules 
under STC, which provides a fair pricing for module manufacturers. 
Chapter 7 
 The development of a CTM loss analysis method for silicon wafer 
based bifacial and monofacial PV modules. 
 The method minimises the uncertainty introduced due to the use of 
different measurement systems for cell and module measurements and 
reduces the error due to chuck reflectance (for bifacial solar cells). 
 The method was demonstrated with experimental examples. The losses 
were quantified in terms of optical, mismatch and resistive 
components. 
Chapter 8 
 Studied the performance gain of bifacial PV modules over monofacial 
PV modules for the tropical Singapore climate. 
 The effects of diffuse to global irradiance ratio and module tilt angle 
(including vertical) on the bifacial performance gain were studied. 
 An analysis of the cost potential of bifacial PV modules using the 




9.3 Proposed future work 
This thesis introduced several new concepts to characterise bifacial solar 
cells and modules. To encourage a wide adoption of the methods introduced in 
this thesis as standards to characterise and rate bifacial devices, a number of 
research areas described in this thesis can be further explored. Some 
suggestions for proposed future work are: 
1. In this work, a new method was developed to characterise bifacial solar 
cells under bifacial illumination. For bifacial cells, the method can be 
verified experimentally using a real-time bifacial illumination solar 
simulator. This requires fabrication of a measurement setup, which can 
simultaneously illuminate the bifacial device from both sides. 
2. The effects of bifacial cell measurements on conductive and non-
conductive measurements chuck can be explored. 
3. Using the method described in Chapter 4, bifacial solar cells can be 
optimised for bifacial efficiency under given bifacial illumination 
conditions. This will enable bifacial PV modules to generate more 
power in the real-world operating conditions. 
4. For outdoor potential analysis, a mathematical model can be developed 
to predict the energy yield from a bifacial PV module considering the 
albedo and installation conditions. The bifacial efficiency, described in 
Chapter 5 of this thesis, can be used in the model. 
5. In Chapter 6, a comparison was made between glass/backsheet and 
glass/glass module structures with bifacial solar cells under STC. For 
further exploration, a number of commercial-size modules can be 




structures. Then these modules can be measured in real-world outdoor 
conditions and the difference in the energy yield for the same peak kW 
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